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Asymmetric phase transfer catalysis has been one of the most important synthetic tools 
for constructing chemical bonds in an enantioselective manner. Compared with the 
well-established ammonium phase transfer catalysts (PTCs), the examples of phosphonium 
PTCs are still very limited. This thesis is focused on our design and synthesis of a series of 
novel chiral phosphonium PTCs derived from natural amino acids, and their applications in 
various asymmetric transformations, including asymmetric alkylation reaction, Michael 
addition reaction, Aldol reaction, Darzens reaction, aza-Darzens reaction and cascade [3+2] 
cycloaddition reactions.  
In Chapter one, the general background of asymmetric phase transfer catalysis was 
reviewed with an emphasis on the development of chiral scaffolds in ammonium PTCs and 
phosphonium PTCs.  
In Chapter two, the synthesis of chiral phosphonium PTCs from natural amino acids was 
introduced. The full catalyst library of over 30 novel phosphonium PTCs was established and 
they had been fully characterized. 
We demonstrated the application of the novel phosphonium PTCs in the asymmetric 
alkylation reaction in Chapter three. Through screening, benzyl bromide derivatives in either 
solid form or liquid form could be applied successfully catalyzed by L-phenylalanine derived 
PTC. In most of cases, the enantioselectivities were over 90%.  
In Chapter four, we developed conjugate addition reactions of glycine imine to various 
acceptors, including chalcones, vinyl ketones and acrylates. The catalysts were derived from 
VII 
 
L-valine and excellent diastereoselectivities and enantioselectivities were obtained.  
In Chapter five, Darzens and aza-Darzens reactions had been explored and the results 
were summarized. The best catalyst was L-leucine derived phosphonium PTC. Although the 
results still had room to improve, we did provide a solid proof that the chiral induction by our 
novel chiral phosphonium PTCs is feasible. 
We finally showed asymmetric aldol reaction and preliminary results of a cascade [3+2] 
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Chapter 1 Introduction 
 
1.1 General Introduction to Asymmetric Organocatalysis 
Chiral molecules refer to molecular structures which lack an internal plane of 
symmetry and have a non-super imposable mirror image1. They play a critical role in 
biological systems and are highly important in pharmaceutical industry2. To build up 
these molecules, one common method is to start with a series of chiral building blocks, 
which would function as a template, to affect the subsequent bond formation process 
in stereoselective manner. For example, the oxazolidinone auxiliaries (Scheme 1), 
popularized by David Evans, have been applied to many asymmetric transformations, 
including aldol reactions, alkylation reactions and DielsAlder reactions.  
 
Scheme 1 Illustrative examples of the commercially available oxazolidinone chiral auxiliaries 
The oxazolidinones are substituted at the 4 and 5 positions. Through steric 
hindrance, the substituents exert stereochemical controls. The auxiliary is 
subsequently removed through, for instance, hydrolysis process. Although there are 
still lots of examples applying chiral reagents like Evans reagents, however, besides 
the target asymmetric transformation, two extra reactions, namely, the initial 
                                                             
1 M. A. Fox, J. K. Whitesell, Eds. Organic Chemistry (3rd Edition), Jones & Bartlett Publishers, 2004. 
2 a) M. Gardner, The New Ambidextrous, 3rd Rev. Ed, W. H. Freeman & Co: New York, 1990; b) E. Francotte, W. 
Lindner, Eds. Chirality in drug research, Wiley-VCH, Weinheim, 2006. 
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introduction process and deprotection process are involved. As a result, the overall 
reaction is less efficient. The other common method is to apply a small amount of 
chiral molecules as catalyst to effect the overall chemical transformations in a 
stereocontrolled manner, commonly known as asymmetric catalysis.  
There are two general sub-areas in asymmetric catalysis: asymmetric metal 
catalysis and asymmetric organocatalysis. Metal catalysis has been widely explored in 
the past few decades as they are powerful, efficient and selective. The introduction of 
the chirality typically comes from the chiral ligand which binds to the metal center. 
However, there are two major limitations on asymmetric metal catalysis. Firstly, the 
high prices of the metal reagent, especially transition metals, such as gold, post the 
limitation for industrial applications. The second one is the requirement of rigorous 
control of the reaction conditions. Usually, the utilization of metals is incompatible 
with air and moisture, careful control of reaction conditions is a must for many 
metal-based asymmetric transformations.  
Organocatalysis is the acceleration of chemical reactions with a 
substoichiometric amount of an organic compound which does not contain a metal 
atom3 as defined by Moisan in the year of 2004. Due to the contributions from 
Jacobsen,4 Denmark,5 List and Barbas,6 MacMillan,7 Maruoka8, organocatalysis 
                                                             
3 P. I. Dalko, L. Moisan, Angew. Chem. Int. Ed. 2004, 43, 5138. 
4 a) M. S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120, 4901; b) M. S. Sigman, P. Vachal, E. N. Jacobsen, 
Angew. Chem. Int. Ed. 2000, 39, 1279; c) P. Vachal, E. N. Jacobsen, J. Am. Chem. Soc. 2002, 124, 10012; d) P. Vachal, 
E. N. Jacobsen, Org. Lett. 2000, 2, 867. 
5 a) S. E. Denmark, R. A. Stavenger, T. K. Wong, X. P. Su, J. Am. Chem. Soc. 1999, 121, 4982; b) S. E. Denmark, J. 
P. Fu, J. Am. Chem. Soc. 2000, 122, 12021; c) S. E. Denmark, R. A. Stavenger, Acc. Chem. Res. 2000, 33, 432; d) S. 
E. Denmark, J. P. Fu, Org. Lett. 2002, 4, 1951. 
6 a) B. List, R. A. Lerner, C. F. Barbas III, J. Am. Chem. Soc. 2000, 122, 2395; b) B. List, J. Am. Chem. Soc. 2000, 
122, 9336; c) B. List, Synlett 2001, 1675; d) B. List, J. Am. Chem. Soc. 2002, 124, 5656; e) B. List, Tetrahedron 2002, 
58, 5573. 
7 a) K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem. Soc. 2000, 122, 4243; b) N. A. Paras, D. W. C. 
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has become an alternative tool of constructing chiral molecules since late 1990s and 
2000s. Compared with metal catalysis, the advantage of organocatalysis is 
low-toxicity, low-cost, mild reaction conditions, readily availability and the ability of 
tolerating moisture and air. 
Asymmetric organocatalysis basically can be divided to four sub-areas based on 
different chemical properties and mechanisms: Brønsted acid catalysis, Brønsted base 
catalysis, Lewis acid catalysis and Lewis base catalysis.9 In the Brønsted base-type 
organocatalysis, chiral Brønsted bases are widely designed and applied in asymmetric 
synthesis10. As the basicity of the chiral base is always limited, the alternative way is 
to use achiral base and chiral quaternary ammonium and phosphonium salts to control 
the chirality via an ion-pairing interaction between the catalyst and substrate, the 
process is known as asymmetric phase transfer catalysis (APTC). In the following 
sections of this chapter, introductions to APTC and typical phase transfer catalysts 
(PTCs) will be reviewed based on different chiral building blocks and the focus will 
be given to ammonium and phosphonium phase transfer catalysts and their 




                                                                                                                                                                              
MacMillan, J. Am. Chem. Soc. 2001, 123, 4370; c) N. A. Paras, D. W. C. MacMillan, J. Am. Chem. Soc. 2002, 124, 
7894. 
8 a) O. Ooi, M. Kameda, K. Maruoka, J. Am. Chem. Soc.1999, 121, 6519; b) O. Ooi, E. Tayama, K. Doda, M. 
Takeuchi, K. Maruoka, Synlett 2000, 1500; c) O. Ooi, M. Takeuchi, K. Maruoka, Synthesis 2001, 1716; d) O. Ooi, Y. 
Uematsu, M. Kameda, K. Maruoka, Angew. Chem. Int. Ed. 2002, 41, 1551; e) O. Ooi, M. Kameda, K. Maruoka, J. 
Am. Chem. Soc. 2003, 125, 5139. 
9 J. Seayad, B. List, Org. Biomol. Chem. , 2005, 3 , 719. 
10 A. Ting, S. E. Schaus, Comprehensive Enantioselective Organocatalysis: Catalysts, Reactions, and Applications, 
First Edition. Wiley-VCH Verlag GmbH & Co. KGaA. 2013 
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1.2 General Introduction to Asymmetric Phase Transfer Catalysis 
Phase Transfer Catalysis was first used by Starks11 in 1971 to explain the role of 
tetraalkylammonium or phosphonium salts (Q+X-) in the reactions between two 
substances located in different immiscible phases (Scheme 2).  
 
Scheme 2 Starks introduced phase transfer reaction. 
The key of this transformatin was the formation of phosphonium cyanide salt, 
which was able to dissolve in organic solvent and nucliphilic enough to attack the 
D-carbon of compound 1-5 to afford the substitution product 1-7. The role of catalyst 
1-6 was to transfer the cyanide from aqueous layer to organic layer, thus, the catalyst 
was named phase transfer catalyst. 
The foundations of phase transfer catalysis were laid by Starks together with 
Makosza and Braidstorm in the mid to late 1960s. Since then, the chemical 
community had witnessed an exponential growth of phase transfer catalysis as a 
practical methodology for organic synthesis and industrial application. More 
importantly, asymmetric phase transfer catalysis, as one of the most important 
branches of phase transfer catalysis, has been established as one of the most powerful 
methods for asymmetric synthesis of chiral molecules.12  
                                                             
11 C. M. Starks, J. Am. Chem. Soc. 1971, 93, 195. 
12 For selected reviews, see: (a)K. Maruoka, T. Ooi, Chem. Rev., 2003, 103, 3013; (b) M. J. O’Donnell, Acc. Chem. 
Res., 2004, 37, 506; (c) B. Lygo, B. I. Andrews, Acc. Chem. Res. 2004, 37, 518; (d) T. Ooi, K. Maruoka, Angew. 
Chem., Int. Ed., 2007, 46, 4222; (e) T. Ooi, K.Maruoka, Aldrichimica Acta 2007, 40, 77; (f) T. Hashimoto, 
K.Maruoka, Chem. Rev. 2007, 107, 5656; (g) K. Maruoka, Org.Process Res. Dev. 2008, 12, 679; (h) S.–s. Jew and 
H.–g. Park, Chem.Commun. 2009, 7090; (i) K. Maruoka, Chem. Rec. 2010, 10, 254; (j) S. Shirakawa, K. Maruoka, 
Angew. Chem., Int. Ed. 2013, 52, 4312. 
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There are two representative types of mechanisms for asymmetric phase transfer 
catalysis. The first (type one) is based on Makosza’s interfacial mechanism,13 which 
has been used for explaining functionalization of active methylene or methane groups.  
Scheme 3 Type one mechanism, using alkylation with glycine imine as an example 
Asymmetric alkylation reaction is one of the most studied reactions in phase 
transfer catalysis, and reaction mechanism belongs to the type one mechanism in most 
cases. An alkylation reaction of glycine imine is chosen to illustrate mechanism, as 
shown in Scheme 3. The reaction is triggered by the deprotonation of the D-proton of 
1-8 with base (MOH) to give a metal enolate 1-9, which stays at the interface of the 
two phases. If the D-carbon attacks the halide directly, racemic product would be 
formed such background reaction is non-stereoselective. The subsequent 
ion-exchange process between the metal enolate and the catalyst Q*X generates 
lipophilic chiral onium enolate 1-10, which is allowed to go into the organic phase 
and react with the halide compound in a stereoselective manner, forming the chiral 
                                                             
13 a) M. Makosza, Pure Appl. Chem. 1975, 43, 439; b) H.-M. Yang, H.-S. Wu, Catal. Rev. 2003, 45, 463. 
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product 1-11. The key intermediate of the above process is onium salt 1-10, which 
needs to bind to the deprotonated substrate efficiently to avoid the non-productive 
background reaction. Moreover, 1-10 must possess necessary structural elements for 
effective induction of asymmetry.  
The second mechanism (type two) contains a nucleophilic addition process of an 
organic or inorganic anion lacking a prochiral center to prochiral electrophiles. The 
anion is used in an aqueous solution or in a solid form of its inorganic salt, and it is 
transferred into organic phase as a chiral ion pair via ion-exchange with the phase 
transfer catalyst. Then the intermediate attacks a prochiral electrophile asymmetrically. 
Compared with type one mechanism, the basic condition is not required as the second 
phase transfer system usually proceeds under nearly neutral conditions. This type of 
mechanism is less explored than the previous one, and one key reason is that it is 
more challenging and demanding to design proper PTCs for this type of activation.  
Following the introduction to phase transfer catalysis and general descriptions to 
both types of reaction mechanisms, extensive literature reviews on the designs and 
developments of the chiral phase transfer catalysts will be presented in the following 
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1.3 Ammonium Phase Transfer Catalysts 
One key effort in organocatalysis is to develop novel and efficient chiral 
catalysts, which is also applicable to asymmetric phase transfer catalysis. The existing 
chiral PTCs are mainly ammonium-based, and the most successful examples include 
those derived from cinchona alkaloids, tartrates and Maruoka’s C2 symmetric Spiro 
PTCs (Scheme 4).  
 
Scheme 4 Representative chiral PTCs derived from the privileged scaffolds 
1.3.1 Classic Natural Cinchona Alkaloid Derived PTCs 
Cinchona is a genus of approximately 25 species in the family Rubiaceae, 
originally native to tropical South America. Depending on their enantio structures and 
functional groups, there exist four kinds of Cinchona alkaloids at present. As shown in 
Scheme 5, Cinchona alkaloids have quite a unique structure involving a sterically 
hindered tertiary amino group and an alcohol group with various other functional 
groups, such as the 9-hydroxy group, the 6’-methoxy group on the quinoline ring, and 
the 10, 11-vinyl group on the quinuclidine moiety. Their unique structures and 
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commercial availability at low prices make them favorable in organic chemistry, 
especially asymmetric synthesis, as an efficient organocatalyst or chiral ligand14. 
 
Scheme 5 Four types of natural Cinchona alkaloids 
In 1984, a Merck research group first reported the successful application of 
Cinchona-based quaternary ammonium salts as a chiral PTC. Three years later, 
Dolling15 and coworkers employed N-p-trifluoromethylbenzylcinchoninium bromide 
(1-13) as a catalyst for methylation reaction under phase transfer conditions to afford 
the product 1-14 in 95% yield and 92% ee (Scheme 6). Moreover, the key transition 
state was also discussed in their work. 
 
Scheme 6 Asymmetric phase transfer catalytic methylation of an indanone derivative 
                                                             
14 For excellent reviews, see: (a) Catalytic Asymmetric Synthesis, ed. I. Ojima, Wiley-VCH, Weinheim, 2nd edn, 
2000; (b) Stimulating Concepts in Chemistry, ed. F. Vogtle, J. F. Stoddart and M. Shibasaki, John Wiley and Sons, 
New York, 2000; (c) K. Kacprzak and J. Gawronski, Synthesis, 2001, 961; (d) A. E. Taggi, A. M. Hafez and T. 
Lectka, Acc. Chem. Res., 2003, 36, 10; (e) S.-K. Tian, Y. Chen, J. Hang, L. Tang, P. McDaid and L. Deng, Acc. Chem. 
Res., 2004, 37, 621. 
15 (a) U.-H. Dolling, P. Davis and E. J. J. Grabowski, J. Am. Chem. Soc., 1984, 106, 446; (b) D. L. Hughes, U.-H. 
Dolling, K. M. Ryan, E. F. Schoenewaldt and E. J. J. Grabowski, J. Org. Chem., 1987, 52, 4745. 
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In 1989, the O’Donnell group 16  demonstrated a similar Cinchona-derived 
quaternary ammonium salt for the alkylation of N-(diphenylmethylene) glycine 
tert-butyl ester 1-8 and succeeded in obtaining alkylated product 1-15. Moreover, the 
alkylation product 1-15 could be further hydrolyzed to afford the D-amino acid 1-16 
in high yield and with high enantioselectivity. Both enantiomers of 1-15 could be 
prepared by using either the N-benzylcinchoninium salt 1-17 or the 
N-benzylcinchonidinium salt 1-18 (Scheme 7). 
Scheme 7 Asymmetric synthesis of D-amino acid from glycine imine via APTC 
Up to now, the catalysts in above-mentioned examples were simply synthesized 
via a salt formation process. These were regarded as the first generation of Cinchona 
alkaloid derived PTCs. 
                                                             
16 (a) M. J. O’Donnell, W. D. Bennett and S. Wu, J. Am. Chem. Soc., 1989, 111, 2353; (b) K. B. Lipkowitz, M. W. 
Cavanaugh, B. Baker and M. J. O’Donnell, J. Org. Chem., 1991, 56, 5181; (c) M. J. O’Donnell, S. Wu and J. C. 
Huffman, Tetrahedron, 1994, 50, 4507. 
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The high importance of the alkylation reaction in the synthesis of the D-amino 
acids had been fully established, however, the enantioselectivity of the reaction was 
only moderate (66% ee for R isomer, 64% ee for S isomer).  
Scheme 8 The N-anthracenylmethyl PTCs derived by the Lygo group. 
To improve enantioselectivity, the anthracenylmethyl group was introduced to 
the core structure by the Lygo17 and Corey18 research groups independently. In 1997, 
Lygo and coworkers found that in the same alkylation reaction between glycine imine 
1-8 and benzyl bromide, with the anthracenylmethyl group on the ammonium ion 
1-19 and 1-20, compound 1-15 could be formed with a much higher ee (89% ee for R 
isomer, 91% ee for S isomer). This improvement probably is due to the enhanced 
                                                             
17 (a) B. Lygo and P. G. Wainwright, Tetrahedron Lett., 1997, 38, 8595; (b) B. Lygo, J. Crosby, T. R. Lowdon and P. 
G. Wainwright, Tetrahedron, 2001, 57, 2391; (c) B. Lygo, J. Crosby, T. R. Lowdon, J. A. Peterson and P. G. 
Wainwright, Tetrahedron, 2001, 57, 2403. 
18 E. J. Corey, F. Xu and M. C. Noe, J. Am. Chem. Soc., 1997, 119, 12414. 
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steric hindrance in the presence of the anthracenylmethyl group (Scheme 8).  
At the same time, Corey prepared O-allyl-nanthracenylmethyl cinchonidinium 
salt 1-21. By using solid cesium hydroxide monohydrate at very low temperature, 
they achieved a high asymmetric induction (94% ee) in the enantioselective alkylation 
of glycine imine 1-8 (Scheme 9).  
Scheme 9 The N-anthracenylmethyl PTCs derived by Corey group. 
These two improvements triggered the second generation of Cinchona alkaloid 
derived chiral PTCs, and had opened a new era for asymmetric phase transfer 
catalysis. The high enantioselectivities attained made the chemical community well 
aware the power of phase transfer catalysis. Moreover, seminal works by Lygo and 
Corey triggered further developments of novel PTCs based on cinchona alkaloids.19  
Taking the asymmetric alkylation reaction as an example, various PTCs20 based 
                                                             
19 (a) T. Shioiri, in Handbook of Phase-Transfer Catalysis, ed. Y. Sasson and R. Neumann, Blackie Academic & 
Professional, London, 1997, ch. 14; (b) M. J. O’Donnell, Phases-The Sachem Phase Transfer Catalysis Review, 
Issue 4, 1998, 5; (c) M. J. O’Donnell, Phases-The Sachem Phase Transfer Catalysis Review, 1999, Issue 5, 5; (d) A. 
Nelson, Angew. Chem., Int. Ed., 1999, 38, 1583; (e) T. Shioiri and S. Arai, in Stimulating Concepts in Chemistry, ed. 
F. Vogtle, J. F. Stoddart and M. Shibasaki, Wiley-VCH, Weinheim, 2000, 123; (f) M. J. O’Donnell, in Catalytic 
Asymmetric Syntheses, ed. I. Ojima, Wiley-VCH, New York, 2nd edn, 2000, ch. 10; (g) K. Maruoka and T. Ooi, 
Chem. Rev., 2003, 103, 3013; (h) M. J. O’Donnell, Acc. Chem. Res., 2004, 37, 506; (i) B. Lygo and B. I. Andrews, 
Acc. Chem. Res., 2004, 37, 518; (j) K. Maruoka, T. Ooi and T. Kano, Chem. Commun., 2007, 1487; (k) T. Hashimoto 
and K. Maruoka, Chem. Rev., 2007, 107, 5656; (l) Asymmetric Phase Transfer Catalysis, ed. K. Maruoka, 
Wiley-VCH, 2008. 
20 (a) S.-s. Jew, M.-S. Yoo, B.-S. Jeong, I. Y. Park, H.-g. Park, Org. Lett. 2002, 4, 4245; (b) M.-S. Yoo, B.-S. Jeong, 
J.-H. Lee, H.-G. Park, S.-s. Jew, Org. Lett., 2005, 7, 1129; (c) M. Elango, P. S. Venugopal, E. Suresh, Tetrahedron 
2005, 61, 1443; (d) S. Kumar, U. Ramachandran, Tetrahedron 2005, 61, 7022. (e) G. Guillena, R. Kreiter, R. van de 
Coevering, R. J. M. Klein Gebbink, G. van Koten, P. Mazon, R. Chinchilla, C. Najera, Tetrahedron: Asymmetry 
2003, 14, 3705; (f) P. Mazon, R. Chinchilla, C. Najera, G. Guillena, R. Kreiter, R. J. M. Klein Gebbink, G. van 
Koten, Tetrahedron: Asymmetry 2002, 13, 2181; (g) M. B. Andrus, Z. Ye, J. Zhang, Tetrahedron Lett., 2005, 46, 
3839. 
 
           PHD DISSERTATION 2016                                   Wen Shan 
12 
 
on the second generation catalysts were developed (Scheme 10). Moreover, in the 
above-mentioned examples, the factors which would affect the enantioselectivity of 
the reaction were not limited to the different substitution on the N terminal; the 
electron properties also played an important role. For instance, catalysts 1-22 and 1-27 
had fluorobenzenes as substitutions to facilitate the enantioselectivity. Notably, Park 
and Jew derived N-oxide catalyst 1-23 to effect alkylation reaction via intramolecular 
hydrogen bonding interaction. The same authors also designed cyano-incorporated 
PTCs. 20b 
 
Scheme 10 Representative modifications on ammonium PTCs derived from Cinchona alkaloids 
The third generation of Cinchona alkaloid derived PTCs were actually inspired 
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by Sharpless asymmetric dihydroxylation21, in which two independent Cinchona 
moieties were connected in order to have a better chiral induction as well as a broader 
scope. The polymeric PTCs connecting two PTCs were developed. 
 
Scheme 11 Asymmetric epoxidation of chalcones 
In 2005, Park and Jew’s group22 developed F-incorporated meta-dimeric catalyst 
1-29 and applied it successfully to the asymmetric epoxidation reactions (Scheme 11). 
Through detailed screening of various monomeric and dimeric catalysts, 1-29 turned 
out to be the best in which 2’-F, 6’-OMe and free hydroxyl group were shown to play 
important roles for achieving high enantioselectivities. Notably, a catalytic amount of 
                                                             
21 H. C. Kolb, M. S. VanNieuwenhze and K. B. Sharpless, Chem. Rev., 1994, 94, 2483. 
22 S.-s. Jew, J.-H. Lee, B.-S. Jeong, M.-S. Yoo, M.-J. Kim, Y.-J. Lee, J. Lee, S.-h. Choi, K. Lee, M. S. Lah and 
H.-g. Park, Angew. Chem., Int. Ed., 2005, 44, 1383. 
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surfactant improved both the yield and ee value. The role of the surfactant was to 
accelerate the reaction rate through the formation of micelles. Moreover, the increased 
enantioselectivities might be due to the inhibition of the background reaction. 
Bis- and tris-ammonium PTCs derived from Cinchona alkaloids have been 
established by Park, Jew, and Shibasaki. Some representative designs 23  are 
summarized in Scheme 12. In general, dimers or trimers showed higher catalytic 
ability than monomers in both reactivity and selectivity.  
                                                             
23 (a) S.-s. Jew, B.-S. Jeong, M.-S. Yoo, H. Huh and H.-G. Park, Chem. Commun. 2001, 1244. (b) H.-g. Park, 
B.-S. Jeong, M.-S. Yoo, J.-H. Lee, B.-s. Park, M. G. Kim and S.-s. Jew, Tetrahedron Lett. 2003, 44, 3497. (c)  
H.-G. Park, B.-S. Jeong, M.-S. Yoo, M.-k. Park, H. Huh and S.-s. Jew Tetrahedron Lett. 2001, 42, 4645. (d) H.-G. 
Park, B.-S. Jeong, M.-S. Yoo, J.-H. Lee, M.-k. Park, Y.-J. Lee, M.-J. Kim and S.-s. Jew, Angew. Chem., Int. Ed. 
2002, 41, 3036. (e) R. Chinchilla, P. Mazon, C. Najera, F. J. Ortega, Tetrahedron: Asymmetry 2004, 15, 2603. (f) 
R. Chinchilla, P. Mazon, C. Najera, Tetrahedron: Asymmetry 2002, 13, 927. (g) A. Siva, E. Murugan, Synthesis 
2005, 2927. (h) A. Siva, E. Murugan, J. Mol. Catal. A: Chem. 2005, 241, 111. (i) A. Siva, E. Murugan, J. Mol. 
Catal. A: Chem. 2006, 248, 1. 
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Scheme 12 Representative bis- or tris-ammonium salts derived from Cinchona alkaloids 
The fourth generation is solid-supported PTCs. The key advantage of 
solid-supported PTCs over solution PTCs is the potential of recycling the catalysts 
and the implications for large-scale synthesis. There are mainly three ways of 
constructing solid-supported PTCs. As shown in Scheme 13, the N substitution 1-41, 
the O terminal substitution 1-42 and the 6’ position replacement of the methyl group 
1-43 all can link the chiral catalyst to the solid support. 
 
Scheme 13 Representative types of solid-supported PTCs derived from Cinchona alkaloids 
In this section, four generations of natural Cinchona alkaloid-derived chiral 
ammonium salts have been reviewed. Undoubtedly, the unique structure and property 
made Cinchona alkaloid as one of the most important scaffolds in asymmetric phase 
transfer catalysis. More examples making use of these classic PTCs are still coming24. 
In the next section, more powerful PTCs will be described.  
1.3.2 Maruoka’s C2-symmetric Catalysts 
In 1999, Maruoka and coworkers designed and prepared a series of structurally 
rigid, chiral spiro-ammonium salts (Scheme 14) derived from commercially available 
(S)-or (R)-1, 1’-bi-2-naphthol as a novel C2 symmetric chiral phase transfer catalysts 
which later known to be “Maruoka Catalyst®”. They successfully applied these novel 
                                                             
24 Y. Wu, L. Hu, Z. Li and L. Deng, Nature, 2015, 523, 445. 
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PTCs to highly efficient, enantioselective alkylation reaction of 
N-(diphenylmethylene) glycine tert-butyl ester 1-8 under mild phase transfer 
conditions25.  
Scheme 14 Maruoka’s C2-symmetric catalysts and the catalytic effects on asymmetric alkylation 
The substitutions on 3, 3’-positions are keys to the asymmetric induction. As 
shown in Scheme 14, simple binaphtyl catalyst 1-44 could only afford 79% ee while 
the selectivity could be improved significantly with substituents installed at the 3, 
3’-positions. Especially when highly substituted fluorobenzenes was introduced, e.g. 
1-48, almost enantiopure product could be obtained (99% ee).  
With the great effects induced by the 3, 3’-substituents, Maruoka et al. further 
modified the 4, 4’-positions and 6, 6’-positions of the binaphtyl backbones and 
developed new catalysts, such as 1-49 and 1-50, and the catalytic abilities26 of which 
were also examined in the alkylation reaction (Scheme 15).  
                                                             
25 (a) Ooi, T., Kameda, M. and Maruoka, K. J. Am. Chem. Soc., 1999, 121, 6519; (b) Ooi, T., Uematsu, Y. and 
Maruoka, K. Adv. Synth. Catal., 2002, 344, 288; (c) Ooi, T., Uematsu, Y. and Maruoka, K. J. Org. Chem., 2003, 68, 
4576; (d) Ooi, T., Kameda, M. and Maruoka, K. J. Am. Chem. Soc., 2003, 125, 5139. 
26 (a) Hashimoto, T.; Maruoka, K. Tetrahedron Lett. 2003, 44, 3313. (b) Hashimoto, T.; Tanaka, Y.; Maruoka, K. 
Tetrahedron:Asymmetry 2003, 14, 1599. 
 




Scheme 15 Modified Maruoka Catalysts and the catalytic effects on asymmetric alkylation 
One key limitation of all the above Maruoka Catalysts is the imperative use of 
two different chiral binaphthyl moieties.  
To simplify the preparation process, in 2007, the Maruoka group further 
developed simpler symmetrical catalysts, such as 1-5227 and 1-5328 (Scheme 16). 
The key advantage of these catalysts is that they could be prepared from a single 
binaphthyl subunit and aqueous ammonia used as a very economical nitrogen source. 
Besides the alkylation reaction, the Maruoka group also applied these novel catalysts 
in conjugated addition29, aldol reaction30 and Mannich reaction31.  
 
                                                             
27 T. Kano,Q. Lan, X.Wang, K. Maruoka, Adv. Synth. Catal. 2007, 349, 556. 
28 S. Shirakawa, M. Ueda, Y. Tanaka, T. Hashimoto, K. Maruoka, Chem. Asian J. 2007, 2, 1276. 
29 a) T. Ooi, D. Ohara, K. Fukumoto, K. Maruoka, Org. Lett. 2005, 7, 3195; b) S. Shirakawa, Y. Liu, A. Usui, K. 
Maruoka, ChemCatChem 2012, 4, 980; c) Y. Liu, A. Usui, S. Shirakawa, K. Maruoka, Asian J. Org. Chem. 2012, 
1, 180; d) S. Shirakawa, K. Liu, H. Ito, T. N. Le, K. Maruoka, Adv. Synth. Catal. 2011, 353, 2614. 
30 a) T. Ooi, M. Taniguchi, M., Kameda, K. Maruoka, Angew. Chem. Int. Ed. 2002, 41, 4542; b) T. Ooi, M. Kameda, 
M. Taniguchi, K. Maruoka, J. Am. Chem. Soc. 2004, 126, 9685. 
31 T. Ooi, M. Kameda, J. Fujii, K. Maruoka, Org. Lett. 2004, 6, 2397. 
 




Scheme 16 Modified Maruoka Catalysts by symmetrical binaphtyl moiety 
In 2008, the Maruoka group further modified their first generation PTCs by 
applying two alky substitutions on the ammonium ion (Scheme 17). The catalyst can 
be readily prepared from three components: a chiral binaphthyl scaffold, an 
arylboronic acid and a secondary amine. The appropriate modification of the 
arylboronic acids and amines could give a series of such catalysts (Scheme 18).  
 
Scheme 17 Retrosynthesis of the simplified Maruoka Catalysts 
 
 




Scheme 18 Summary of boronic acids, and secondary amines used in constructing simplified 
Maruoka Catalysts 
 
Scheme 19 Simplified Maruoka Catalysts catalyzed asymmetric alkylation reaction 
The applications of simplified Maruoka catalysts in asymmetric alkylation 
reactions32 were demonstrated (Scheme 19). Most notably, the asymmetric alkylation 
of glycine derivative 1-8 with benzyl bromide proceeded smoothly under mild phase 
transfer conditions in the presence of only 0.01 mol% of the simplified Maruoka 
catalyst 1-54 to afford the benzylation product 1-15 with excellent enantioselectivity. 
Besides the classic asymmetric alkylation reaction, Maruoka and co-workers also 
successfully applied the simplified Maruoka Catalysts to bis-alkylations 33 , 
N-alkylation34, Michael reactions35 and aldol reactions,36 among others.  
                                                             
32 a) M. Kitamura, Y. Arimura, S. Shirakawa, K. Maruoka, Tetrahedron Lett. 2008, 49, 2026; b) M. Kitamura, S. 
Shirakawa, Y. Arimura, X. Wang, K. Maruoka, Chem. Asian J. 2008, 3, 1702. 
33 a)Y. Kubota, S. Shirakawa, T. Inoue, K. Maruoka, Tetrahedron Lett. 2012, 53, 3739. b) Y.-G. Wang, H. Mii, T. 
Kano, K. Maruoka, Bioorg. Med.Chem. Lett. 2009, 19, 3795; c) T. Kano, R. Sakamoto,H. Mii, Y.-G. Wang, K. 
Maruoka, Tetrahedron 2010, 66, 4900. d) K. Nakayama, K. Maruoka, Tetrahedron Lett. 2008, 49, 5461. 
34 S. Shirakawa, K. Liu, K. Maruoka, J. Am. Chem. Soc. 2012, 134, 916. 
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Other research groups had also contributed to extending the Maruokua Catalysts. 
The Ma group designed a series of novel bis-ammonium PTCs based on binaphtyl 
scaffolds via connecting two independent catalysts by a linker and successfully 
applied the novel reactions on Michael reactions (Scheme 20).37 
 
Scheme 20 Bis-ammonium PTC catalyzed Michael reactions 
 
 
                                                                                                                                                                              
35 a) T. Hashimoto, K. Fukumoto, N. Abe, K. Sakata, K. Maruoka, Chem. Commun. 2010, 46, 7593; b) S. 
Shirakawa, K. Liu, H. Ito, T. N. Le, K. Maruoka, Adv. Synth. Catal. 2011, 353, 2614; c) Y.-G. Wang, T. Kumano, 
T. Kano, K. Maruoka, Org. Lett. 2009, 11, 2027; d)T. Kano, T. Kumano, K. Maruoka, Org. Lett. 2009, 11, 2023; e) 
R. He, C. Ding, K. Maruoka, Angew. Chem. Int. Ed. 2009, 48, 4559. f) Q. Lan, X. Wang, S. Shirakawa, K. 
Maruoka, Org. Process Res. Dev. 2010, 14, 684. 
36 M. Kitamura, S. Shirakawa, Y. Arimura, X. Wang, K. Maruoka, Chem. Asian J. 2008, 3, 1702. 
37 a) M.-Q. Hua, H.-F. Cui, L.Wang, J. Nie, J.-A. Ma, Angew. Chem. Int. Ed. 2010, 49, 2772; b) M.-Q. Hua, L. 
Wang, H.-F. Cui, J. Nie, X.-L. Zhang, J.-A. Ma, Chem. Commun. 2011, 47, 1631. 
 




Scheme 21 Summary of bifunctional PTCs designed based on the simplified Maruoka Catalysts 
and their catalytic effects on the selected reactions 
 
Bifunctional organocatalysts had drawn significant attention from chemical 
community. In this context, the Maruoka group introduced hydroxyl groups as a 
second function to 3, 3’-positions of their simplified catalysts (Scheme 21). The 
usefulness of the above bifunctional PTCs was demonstrated by Michael reactions38, 
                                                             
38 a) R. He, S. Shirakawa, K. Maruoka, J. Am. Chem. Soc. 2009, 131, 16620; b) S. Shirakawa, S. J. Terao, R. He, 
K. Maruoka, Chem. Commun. 2011, 47, 10557. 
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aza-Michael reaction39, aldol reaction40 (Scheme 21) and fluorination reaction.41 
Notably, the hydrogen bonding interactions between the substrates and the hydroxyl 
groups of the modified PTCs seemed to be crucial in inducing asymmetry in the 
above reactions. 
We have summarized the Maruoka catalysts (the 1st generation) and simplified 
Maruoka catalysts (the 2nd generation). These contributions were of great importance 
due to their wide applications in asymmetric synthesis and catalysis. Subsequently, 
the same group further extended the concepts and developed chiral phosphonium 
PTCs, which we shall describe in the following sections. 
1.3.3 Tartrate-derived quaternary ammonium salts 
The use of tartaric acid as chiral backbones to produce chiral ammonium PTCs 
was pioneered in 2002 by the groups of Shibasaki42 and Arai, Nishida43. Arai and 
Nishida introduced the tartrate-derived N-spiro-ammonium salt catalysts, which were 
tested in the asymmetric Michael addition under liquid/solid-base phase-transfer 
conditions (Scheme 22). 
Scheme 22 Arai and Nishida’s tartrate-derived PTCs and their effects on Michael reaction 
                                                             
39 L. Wang, S. Shirakawa, K. Maruoka, Angew. Chem. Int. Ed. 2011, 50, 5327. 
40 S. Shirakawa, K. Ota, S. J. Terao, K. Maruoka, Org. Biomol. Chem. 2012, 10, 5753. 
41 X. Wang, Q. Lan, S. Shirakawa, K. Maruoka, Chem. Commun. 2010, 46, 321. 
42 T. Shibuguchi, Y. Fukuta, Y. Akachi, A. Sekine, T. Ohshima, M. Shibasaki, Tetrahedron Lett. 2002, 43, 9539. 
43 S. Arai, R. Tsuji, A. Nishida, Tetrahedron Lett. 2002, 43, 9535 
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Inspired by the potential of metal-based two center catalysts, the Shibasaki group 
introduced a new class of highly active tartaric-acid-derived two-center ammonium 
PTCs (Scheme 23) and investigated their catalytic effects in Michael reactions.42 The 
key idea behind this concept was to ensure the ideal complexation and orientation of a 
prochiral nucleophile by the bidentate catalyst. 
 
Scheme 23 Shibasaki’s tartrate-derived PTCs and their effects on Michael reaction 
 
On the basis of this pioneering report, the Shibasaki group then systematically 
investigated the potential of these novel catalysts (also by computational studies) and 
synthesized some biologically active products44. 
The Nagasawa group45 and MacFarland group46 also designed and developed 
novel ammonium PTCs, such as 1-73 – 1-76 from tartaric acids, and applied them to 
asymmetric alkylation reactions (Scheme 24).  
                                                             
44 a) T. Ohshima, V. Gnanadesikan, T. Shibuguchi, Y. Fukuta, T. Nemoto, M. Shibasaki, J. Am. Chem. Soc. 2003, 
125, 11206; b) Y. Fukuta, T. Ohshima, V. Gnanadesikan, T. Shibuguchi, T. Nemoto, T. Kisugi, T. Okino, M. 
Shibasaki, Proc. Natl. Acad. Sci. USA 2004, 101, 5433; c) T. Ohshima, T. Shibuguchi, Y. Fukuta, M. Shibasaki, 
Tetrahedron 2004, 60, 7743; d) A. Okada, T. Shibuguchi, T. Ohshima, H. Masu, K. Yamaguchi, M. Shibasaki, Angew. 
Chem. Int. Ed. 2005, 44, 4564; e) T. Shibuguchi, H. Mihara, A. Kuramochi, S. Sakuraba, T. Ohshima, M. Shibasaki, 
Angew. Chem. Int. Ed. 2006, 45, 4635; 
45 Kita, T.; Georgieva, A.; Hashimoto, Y.; Nakata, T.; Nagasawa, K. Angew. Chem., Int. Ed. 2002, 41, 2832. 
46 (a) Kowtoniuk, W. E.; MacFarland, D. K.; Grover, G. N. Tetrahedron Lett. 2005, 46, 5703; (b) Rueffer, M. E.; 
Fort, L. K.; MacFarland, D. K. Tetrahedron: Asymmetry 2004, 15, 3297; (c) Grover, G. N.; Kowtoniuk, W. E.; 
MacFarland, D. K. Tetrahedron Lett. 2006, 47, 57. 
 
 




Scheme 24 Other designs of tartrate-derived PTCs and their effects on alkylation reaction 
To sum up, the tartrate-derived PTCs had been well recognized as efficient 
catalysts due to the contributions from Shibasaki, Arai and Nishida. At present, 
alkaloid-derived PTCs, Maruoka PTCs and tartrate-derived PTCs represent major 
PTCs that find wide applications in asymmetric synthesis, some other ammonium 
PTCs making use of other chiral scaffolds will be discussed in the below sections. 
 
1.3.4 Other ammonium PTCs 
In 2003, Sasai designed bis-spiro-ammonium salt 1-77 as a chiral phase transfer 
catalyst, and applied it to asymmetric alkylation reaction (Scheme 25).47 
 
                                                             
47 H. Sasai (Jpn. Kokai Tokkyo Koho), JP2003335780, 2003. 
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Scheme 25 Chiral bis-spiro-ammonium salt 1-77 as a phase-transfer catalyst 
 
In the same year, the Takabe group48 designed and synthesized a C3-symmetric 
ammonium PTC and used it in alkylation reaction (Scheme 26). 
 
Scheme 26 C3 symmetric ammonium salt as a phase-transfer catalyst 
 
The Lygo group49 synthesized a library of 40 novel ammonium PTCs from 
commercially available amines and a biphenyl unit, such as 1-80 (Scheme 27). 
Although the chirality was stored in only a methyl substitution, the asymmetric 
induction was still excellent as 97% ee could be obtained for the alkylation reaction. 
The pocket was formed by the biphenyl unit and the chirality was introduced via 
steric effects from the methyl group. 
                                                             
48 N. Mase, T. Ohno, N. Hoshikawa, K. Ohishi, H. Morimoto, H. Yoda, K. Takabe, Tetrahedron Lett. 2003, 44, 
4073. 
49 a) B. Lygo, B. Allbutt, S. R. James, Tetrahedron Lett. 2003, 44, 5629; b) B. Lygo, B. Allbutt, Synlett 2004, 
326. 
 




Scheme 27 ammonium phase transfer catalyst with amines and biphenyl units 
 
In 2007, the Denmark group50 developed a series of novel ammonium PTCs 
containing a complex rigid ring structures, e.g. 1-81. By applying different 
substitutions on core structures, ester moiety and the N ion, over 160 catalysts were 
synthesized. The systematic investigations on the catalytic effects of asymmetric 
alkylation reactions were conducted and summarized (Scheme 28), which were very 
helpful to understand the common trends and showed a general discipline for the 
up-coming developments.  
With the consideration that almost all the N atoms in ammonium PTCs were SP3 
hybridization, the Tan group51 in 2011 demonstrated the new chiral pentanidium 
catalyst 1-82, which contained a SP2 nitrogen atom, and successfully applied it in 
asymmetric conjugate additions of glycine imine to chalcones. Single 
                                                             
50 a) S. E. Denmark, N. D. Gould, L. M.Wolf, J. Org. Chem. 2011, 76, 4260; b) S. E. Denmark, N. D. Gould, L. 
M. Wolf, J. Org. Chem. 2011, 76, 4337. 
51 T. Ma, X. Fu, C. W. Kee, L. Zong, Y. Pan, K.–W. Huang and C.–H. Tan, J. Am. Chem. Soc., 2011, 133, 2828. 
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diastereoisomers could be obtained with high enantioselectivities (Scheme 29).  
 
Scheme 28 Denmark’s ammonium PTC library with a complex rigid ring core structure 
 
Scheme 29 Tan’s SP2 ammonium PTC and application on conjugate addition 
Amino acids are great choice of chiral scaffolds constructing chiral catalysts due 
to the low cost, ready availability and the highly tenability.52 In 2013, the Hii group53 
developed another methodology for the conjugate addition of glycine imine to 
                                                             
52 For selected reviews, see: (a) S.–X. Wang, X. Han, F. Zhong, Y. Wang and Y. Lu, Synlett 2011, 19, 2766; (b) L.–
W. Xu and Y. Lu, Chapter 3, in “Comprehensive Enantioselective Organocatalysis”, Ed. Peter Dalko, Wiley-VCH, 
Weinheim, 2013; (c) L.–W. Xu, ChemCatChem. 2013, 5, 2775; (d) X. Zhao, B. Zhu, Z. Jiang, Synlett 2015, 26, 2216. 
53 A. E. Sheshenev, E. V. Boltukhina, A. J. P. White and K. K. Hii, Angew. Chem., Int. Ed., 2013, 52, 6988. 
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chalcones by using newly designed SP2 amino acid-based ammonium PTCs, such as 
1-83 (Scheme 30). 
 
Scheme 30 Hii’s design of novel SP2-N PTC and application on conjugate addition 
 
In the same year, the Zhao group54 investigated a series of novel bifunctional 
(thio) urea ammonium PTCs based on amino acids, such as 1-84 – 1-91. The catalytic 
effects of these catalysts to aza-Henry reactions were tested and 1-87 turned out to be 
the best catalyst, affording products in85-99% yields, 6:1-25:1 dr and 68-99% ee 
(Scheme 31).  
 
                                                             
54 Wang, H.-Y.; Chai, Z.; Zhao, G. Tetrahedron 2013, 69, 5104. 
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Scheme 31 Zhao’s novel ammonium PTCs based on amino acids and the application on 
aza-Henry reactions 
In 2013, the same group55 applied thiourea-ammonium PTCs that are based on 
L-tert-leucine to the challenging Mannich reaction between Boc-imines and 
mercaptans (Scheme 32).  
 
Scheme 32 Zhao’s amino acids derived ammonium PTC catalyzed Mannich reactions 
In summary, all the major types of ammonium PTCs are reviewed in this chapter, 
including: natural Cinchona alkaloid derived PTCs, Maruoka catalysts, as well as 
tartrates derived PTCs. Besides these, many other PTCs make use of other chiral 
scaffolds, such as amino acids. All the PTCs described above have been applied 
successfully to useful asymmetric organic transformations. However, other than 
ammonium PTCs, other types of PTCs such as phosphonium PTCs have been 
explored to a much less extent. In the next section, phosphonium PTCs will be 
discussed in details.  
                                                             
55 Wang, H.-Y.; Zhang, J.-X.; Cao, D.-D.; Zhao, G. ACS Catal. 2013, 3, 2218. 
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1.4 Phosphonium PTCs 
Compared with quaternary ammonium salts detailed in the above sections, the 
phosphonium PTCs have drawn much less attention despite the fact that the first 
examples on phosphonium PTCs were reported in 1998.56 Over almost two decades, 
the progress in developing phosphonium PTCs were very limited57. Given the 
abundance of phosphorus compounds in nature and their stereochemical diversity, it is 
highly desirable to establish quaternary phosphonium salts as novel PTCs. In the 
following parts, current examples on phosphonium PTCs will be summarized and 
discussed. 
 
1.4.1 Maruoka’s phosphonium salts 
In 2008, the Maruoka group first disclosed phosphonium PTCs based on their 
previously well-known “Maruoka Catalysts”. The design and synthetic application of 
novel binaphthyl based quaternary phosphonium salts (Scheme 33) were conceptually 
similar to their simplified ammonium PTCs. To test these novel catalysts, amination 
reaction was studied and excellent enantioselectivities could be obtained.58 They 
further used the same catalyst in Mannich and Michael reaction of 3-aryloxindoles59 
(Scheme 34). Weak base PhCO2K was shown to be the most suitable for their 
reactions.  
                                                             
56 (a) K. Manabe, Tetrahedron, 1998, 54, 14465; (b) K. Manabe, Tetrahedron Lett., 1998, 39, 5807. 
57 (a) T. Werner, Adv. Synth. Catal., 2009, 351, 1469; (b) D. Enders and T. V. Nguyen, Org. Biomol. Chem., 2012, 
10, 5327. 
58(a) R. He, X. Wang, T. Hashimoto and K. Maruoka, Angew. Chem., Int. Ed., 2008, 47, 9466); (b) R. He and K. 
Maruoka, Synthesis, 2009, 2289. 
59 R. He, C. Ding and K. Maruoka, Angew. Chem., Int. Ed., 2009, 48, 4559. 
 




Scheme 33 Maruoka’s phosphonium salts catalyzed asymmetric amination 
     
 
Scheme 34 Maruoka’s phosphonium salts catalyzed asymmetric Mannich and Michael reaction 
    In 2011, the Ma group 60  developed a series of rigid spiro-quaternary 
phosphonium PTCs which were close to the first generation of Maruoka Catalysts 
(Scheme 35) for the asymmetric amination reactions. 
                                                             
60 C.-L. Zhu, F.-G. Zhang, W. Meng, J. Nie, D. Cahard and J.-A. Ma, Angew. Chem., Int. Ed., 2011, 50, 5869. 
 




Scheme 35 Ma’s phosphonium salts catalyzed asymmetric amination 
Conceptually, Maruoka’s phosphonium PTCs were adopted from his ammonium 
catalysts. Although interesting, these example represent natural and logic extensions 
of their previous work. Ooi’s tetraaminophosphonium PTCs, on the other hand, are 
structurally more novel.  
 
1.4.2 Ooi’s Tetraaminophosphonium PTCs 
In 2007, the Ooi group introduced the design of P-spiro tetraaminophosphonium 
PTCs (Scheme 36).61 This special type of quaternary phosphonium PTCs were 
constructed from the corresponding chiral diamines. The aliphatic and aryl 
substituents on the two five-membered rings could be easily tuned, crucial for the 
interactions between the substrates and the phosphonium cation. Ooi et al. applied 
their novel phosphonium PTCs to Henry reaction (Scheme 36); the reaction 
                                                             
61 D. Uraguchi, S. Sakaki and T. Ooi, J. Am. Chem. Soc., 2007, 129, 12392. 
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proceeded smoothly under low temperature and good to excellent dr and ee values 
were attainable. 
 
Scheme 36 Ooi’s tetraaminophosphonium PTCs derived from chiral diamines 
 
Scheme 37 Ooi’s tetraaminophosphonium PTCs catalyzed Henry reactions 
The same authors carried out further studies62, demonstrated that the catalysts 
underwent a deprotonation process in presence of strong base to form phosphorane 
intermediate (Scheme 38), which then deprotonated the substrate to trigger the Henry 
reaction. With these understandings, the scope of the reaction had been extended to 
unsaturated aldehydes63 and propargylic aldehydes64.  
 
Scheme 38 Deprotonation process of Ooi’s tetraaminophosphonium PTCs 
                                                             
62 D. Uraguchi, Y. Ueki and T. Ooi, Angew. Chem., Int. Ed., 2011, 50, 3681 
63 D. Uraguchi, S. Nakamura and T. Ooi, Angew. Chem., Int. Ed., 2010, 49, 7562. 
64 D. Uraguchi, T. Ito, S. Nakamura, S. Sakaki and T. Ooi, Chem. Lett., 2009, 38, 1052. 
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In the subsequent investigations, the Ooi group developed a series of analogues 
of the tetraaminophosphonium PTCs 1-102, 1-103 as well as novel structures based 
on binaphtyl moieties 1-104, 1-105 (Scheme 39). These catalysts were applied 
successfully to a number of asymmetric transformations, such as alkylation 
reactions 65  (1-102), Mannich reactions 66  (1-103), aldol type phosphonylation 
reactions67 (1-101 or its imino form), aza-Michael addition reactions68 (1-104) and 
Michael-type conjugated addition reactions69 (1-105).  
 
 
Scheme 39 Various tetraaminophosphonium PTCs 
To sum up, Ooi’s tetraaminophosphonium PTCs were shown to powerful 
catalysts for a range of asymmetric transformation. Moreover, their elegant work 
                                                             
65 (a) D. Uraguchi, Y. Asai and T. Ooi, Angew. Chem., Int. Ed., 2009, 48, 733; (b) D. Uraguchi, Y. Asai, Y. Seto 
and T. Ooi, Synlett, 2009, 658. 
66 D. Uraguchi, Y. Ueki and T. Ooi, J. Am. Chem. Soc., 2008, 130, 14088. 
67 (a) D. Uraguchi, T. Ito and T. Ooi, J. Am. Chem. Soc., 2009, 131, 3836; (b) D. Uraguchi, T. Ito, S. Nakamura 
and T. Ooi, Chem. Sci., 2010, 1, 488; (c) M. T. Corbett, D. Uraguchi, T. Ooi and J. S. Johnson, Angew. Chem., Int. 
Ed., 2012, 51, 4685. 
68 (a) D. Uraguchi, T. Ito and T. Ooi, J. Am. Chem. Soc., 2009, 131, 7242; (b) D. Uraguchi, N. Kinoshita, T. Kizu 
and T. Ooi, Synlett, 2011, 1265. 
69 (a) D. Uraguchi, Y. Ueki and T. Ooi, Chem. Sci., 2012, 3, 842; (b) D. Uraguchi, N. Kinoshita, T. Kizu and T. 
Ooi, J. Am. Chem. Soc., 2010, 132, 12240. 
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opened up a new avenue for asymmetric phase transfer catalysis.  
 
1.4.3 Other phosphonium PTCs 
In 2003, Bolm 70  and co-workers applied amino alcohol derived chiral 
phosphonium PTC to Darzens reaction, and the best ee they obtained was 35% 
(Scheme 40).  
 
Scheme 40 Asymmetric Darzens reaction catalyzed by phosphonium PTC 
 
In 2009, the Lectka group71 reported a series of bis-phosphonium PTCs based on 
binaphtyl structures and applied them in a rare [2+2] cycloaddition of ketene acetals 
1-110 and imines 1-111 to form di-substituted β-lactams 1-112 (Scheme 41).  
                                                             
70 M. Kchler, PhD Thesis, RWTH Aachen, Germany, 2003. 
71 C. J. Abraham, P. D. Paull, C. Dogo-Isonagie and T. Lectka, Synlett, 2009, 1651. 
 




Scheme 41 Lectka’s [2+2] reaction catalyzed by phosphonium PTC 
Scheme 42 Maruoka’s phosphonium PTCs derived from commercially available chiral phosphine 
 
In 2013, the Maruoka group72 disclosed a novel method of using commercially 
                                                             
72 S. Shirakawa, A. Kasai, T. Tokuda and K. Maruoka, Chem. Sci., 2013, 4, 2248. 
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available phosphines to undergo salt formation with benzyl bromides under high 
temperature (Scheme 42). In this way, the chiral phosphonium salts could be easily 
obtained. The catalytic effects on Michael reaction were tested, and catalyst 1-118 
turned out to be the best as the hydroxyl group directed the substrate to the favored 
position (Scheme 43).  
 
Scheme 43 Commercially available chiral phosphine derived phosphonium PTCs catalyzed 
Michael reaction 
 
1.4.4 Phosphonium PTCs based on natural amino acids 
Natural amino acids are privileged chiral scaffolds for constructing chiral 
catalysts. Especially, due to the presence of the amino group and carboxylic acids, 
bifunctional or even multifunctional catalysts can be readily installed. To the best of 
our knowledge, there are only four reports on amino acid-based chiral phosphonium 
PTCs and all the contributions came from the Zhao group. 
In 2013, the Zhao group disclosed a series of thiourea-phosphonium PTCs 
(Scheme 44) and amide-phosphonium PTCs (Scheme 45), and applied them to 
aza-Henry reaction73 (Scheme 46) and Michael reaction74 (Scheme 47), respectively.  
                                                             
73 D. Cao, Z. Chai, J.  Zhang, Z. Ye, H. Xiao, H. Wang, J. Chen, X. Wu and G. Zhao, Chem. Commun., 2013, 49, 
5972. 
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Scheme 44 Zhao’s thiourea-phosphonium PTCs derived from natural amino acids 
 
Scheme 45 Zhao’s amide-phosphonium PTCs derived from natural amino acids 
In the examples, several factors were believed to important for the asymmetric 
induction. Firstly, the bifunctionality of the PTC played an important role. Secondly, 
the substitutions on the phosphonium cation could also be a key factor. In addition, 
the anion may also contribute to inducing asymmetry. Very recently, the same authors 
applied the amide-phosphonium catalysts 1-141 to a desymmetrization reaction 
                                                                                                                                                                              
74 X. Wu, Q. Liu, Y. Liu, Q. Wang, Y. Zhang, J. Chen, W. Cao and G. Zhao, Adv. Synth. Catal., 2013, 355, 2701. 
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(Scheme 48).75  
 
Scheme 46 Zhao’s thiourea-phosphonium PTCs catalyzed aza-Henry reactions 
 
Scheme 47 Zhao’s amide-phosphonium PTCs catalyzed Michael reactions 
Scheme 48 Zhao’s amide-phosphonium PTCs catalyzed desymmetrization reactions 
 
In the same year, Zhao et al. applied dipeptide derived chiral phosphonium 
PTCs76 to a Michael-SN2 cascade reaction (Scheme 49).  
                                                             
75 J. Zhang, D. Cao, H. Wang, G. Zhao and Y. Shang, Tetrahedron, 2015, 12, 1785. 
76 D. Cao, J. Zhang, H. Wang and G. Zhao, Chem. Eur. J., 2015, 21, 9998. 
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Scheme 49 Zhao’s dipeptide based phosphonium PTCs catalyzed cascade reactions 
 
In summary, recent exciting reports have demonstrated the potential of chiral 
phosphonium salts in asymmetric catalysis. Further investigation on the development 
of novel chiral phosphonium PTCs and their applications to abroad range of 
asymmetric reactions are highly desirable.  
 
1.5 Project Objectives and Overall Design 
Natural amino acids are obviously great chiral building blocks for constructing 
chiral catalysts. Our lab has been focusing on developing chiral bifunctional 
phosphines based on amino acids and applying them in various asymmetric 
transformations, such as [3+2], [4+2] and [4+1] cycloadditions77, Michael reaction78, 
allylic alkylations79, (aza)-MBH reactions80 and J-additions,81 among others. At the 
                                                             
77 (a) X. Han, Y. Wang, F. Zhong and Y. Lu, J. Am. Chem. Soc., 2011, 133, 1726; (b) X. Han, F. Zhong, Y. Wang and 
Y. Lu, Angew. Chem., Int. Ed., 2012, 51, 767; (c) F. Zhong, X. Han, Y. Wang and Y. Lu, Chem. Sci., 2012, 3, 1231; (d) 
F. Zhong, X. Han, Y. Wang and Y. Lu, Angew. Chem., Int. Ed., 2011, 50, 7837; (e) F. Zhong, G.–Y. Chen, X. Han, W. 
Yao and Y. Lu, Org. Lett., 2012, 14, 3764; (f) X. Han, W. Yao, T. Wang, Y. R. Tan, Z. Yan, J. Kwiatkowski and Y. Lu, 
Angew. Chem., Int. Ed., 2014, 53, 5643; (g) X. Han, S.–X. Wang, F. Zhong and Y. Lu, Synthesis, 2011, 1859; (h) W. 
Yao, X. Dou and Y. Lu, J. Am. Chem. Soc., 2015, 137, 55. 
78 F. Zhong, X. Dou, X. Han, W. Yao, Q. Zhu, Y. Meng and Y. Lu, Angew. Chem., Int. Ed., 2013, 52, 943. 
79 F. Zhong, J. Luo, G.–Y. Chen, X. Dou and Y. Lu, J. Am. Chem. Soc., 2012, 134, 10222. 
80 (a) F. Zhong, Y. Wang, X. Han, K.–W. Huang and Y. Lu, Org. Lett., 2011, 13, 1310; (b) X. Han, Y. Wang, F. Zhong 
and Y. Lu, Org. Biomol. Chem., 2011, 9, 6734. 
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outset, we also intended to develop a series of chiral phosphonium PTCs based on our 
current library of bifunctional phosphines. The aim of this thesis is to develop novel 
chiral phosphonium PTCs (Scheme 50) that are based on natural amino acids, and 
apply them in a wide range of asymmetric transformations.  
 
Scheme 50 Development of novel phosphonium PTCs from natural amino acids 
 
As reviewed in the previous sections, phosphonium PTCs are under-developed 
and the examples on natural amino acids derived phosphonium PTCs are still rare, it 
was with this thinking that we intended to build up chiral phosphonium PTCs based 
on our bifunctional phosphines. In this thesis, over 30 novel chiral phosphonium 
PTCs have been prepared, and they have been applied to asymmetric alkylation 
reaction, Michael addition, aldol reaction, (aza)-Darzens reaction and cascade 




                                                                                                                                                                              
81 (a)T. Wang, W. Yao, F. Zhong, G. H. Pang and Y. Lu, Angew. Chem., Int. Ed., 2014, 53, 2964; (b) T. Wang, Z. Yu, 
D. L. Hoon, K.–W. Huang, Y. Lan and Y. Lu, Chem. Sci., 2015, 6, 4912; (c) T. Wang, D. L. Hoon and Y. Lu, Chem. 
Commun., 2015, 51, 10186; (d) T. Wang, Z. Yu, D. L. Hoon, C. Y. Phee, Y. Lan and Y. Lu, J. Am. Chem. Soc., 2016, 
138, 265. 
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Chapter 2 Synthesis and Characterizations of Novel Chiral 
Phosphonium PTCs 
 
2.1 Synthetic Strategies 
The phosphonium PTCs are all in salt form and are similar to the Wittig reagents 
(Scheme 51). For their construction, the salt formation process is the key step. Due to 
the high polarity, the newly synthesized PTC salts are hard to isolate. We thus decided 
to perform the salt formation step as the last step.  
 
Scheme 51 Witting reaction of a quaternary phosphonium salt 
 
Based on the experience of conducting Wittig reactions as well as literature 
reports, 72-76 the key salt formation step requires a tertiary phosphine and alky halides. 
Therefore, there are two general ways of constructing the salts (Scheme 52); reacting 
pre-constructed chiral halides with commercially available achiral phosphines, or 
reacting chiral phosphines derived from natural amino acids with alky halides.  
 
Scheme 52 Two general ways of constructing chiral phosphonium salts 
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2.1.1 Chiral Bromides from Natural Amino Acids  
The triphenylphosphine and methyldiphenylphosphine derived chiral 
phosphonium bromides are generally prepared using method A.74-75 Chiral halides 
were constructed from either natural amino acids (Scheme 53) or commercially 
available amino alcohols (Scheme 54). The synthetic routes are shown as below.  
Scheme 53 Synthetic routes of Method A derived from natural amino acids 
Scheme 54 Synthetic routes of Method A derived from amino alcohols 
     
By using this method, all the chiral phosphonium PTCs synthesized in this thesis 
are summarized (Scheme 55). Among which, 2-1 and 2-7 were reported in the 
literature, 73-76 while the rest are new compounds.  
 




Scheme 55 All catalysts synthesized by using Method A 
 
2.1.2 Reacting Bromides, Iodides and Triflates with Chiral Phosphine 
Method B was also taken to synthesize chiral phosphonium PTCs. Based on our 
reported procedures,82 chiral phosphines were synthesized, which were then reacted 
with benzyl bromide and substituted benzyl bromide derivatives at high temperatures 
(Scheme 56). 72-76  
                                                             
82 (a) Han, X.; Wang, Y.; Zhong, F.; Lu, Y. J. Am. Chem. Soc. 2011, 133, 1726; (b) Han, X.; Zhong, F.; Wang, Y.; 
Lu, Y. Angew. Chem. Int. Ed. 2012, 51, 767; (c) Zhong, F.; Han, X.; Wang, Y.; Lu, Y. Chem. Sci. 2012, 3, 1231; 
(d) Zhong, F.; Han, X.; Wang, Y.; Lu, Y. Angew. Chem. Int. Ed. 2011, 50, 7837; (e) Zhong, F.; Luo, J.; Chen, 
G.-Y.; Dou, X.; Lu, Y. J. Am. Chem. Soc. 2012, 134, 10222; (f) Zhong, F.; Dou, X.; Han, X.; Yao, W.; Zhu, Q.; 
Meng, Y.; Lu, Y. Angew. Chem. Int. Ed. 2013, 52, 943; (g) Wang, T.; Yao, W.; Zhong, F.; Pang, G. H.; Lu, Y. 
Angew. Chem. Int. Ed. 2014, 53, 2964. 
 




Scheme 56 Synthetic routes of Method B derived from chiral phosphines and benzyl bromides 
 
Employing this method, six chiral phosphonium PTCs were synthesized (Scheme 
57). Among which, 2-10 is a known compound 74 while the rest are all new 
compounds. 
 
Scheme 57 The catalysts synthesized by using Method B 
During the process of synthesizing all the catalysts, a common problem was that 
the oxidation by-product of the phosphines lowered the reaction yield and made the 
column separation difficult. To overcome the above-mentioned problem, we found 
that the synthesis of chiral phosphonium iodide/triflate from the corresponding chiral 
phosphine and iodide/triflate required only mild condition as the salt formation 
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reaction could take place at room temperature (Scheme 58) due to the enhanced 
electrophilicity of the iodide/triflate compounds. The isolated yields were generally 
over 90% and almost no oxidation by-product was formed. By employing iodide or 
triflates as electrophiles, all chiral phosphonium PTCs synthesized in this thesis are 
summarized in Scheme 59 and all the PTCs here are new. 
Scheme 58 Improved synthetic routes of Method B applying iodides or triflates at r.t. 
Scheme 59 All catalysts synthesized by applying improved Method B 
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A white solid. 
1H NMR (500 MHz, CDCl3): δ 9.74 (d, J = 8.5 Hz, 1H), 8.42 (s, 2H), 7.85-7.95 (m, 
7H), 7.53-7.67 (m, 9H), 5.47 (dt, J = 16 Hz and 11 Hz, 1H), 4.60-4.68 (m, 1H), 3.03 





A white solid. 
1H NMR (500 MHz, CDCl3) δ 9.40 (d, J = 9.1 Hz, 1H), 8.52 (d, J = 23.4 Hz, 2H), 
8.02 – 7.94 (m, 2H), 7.90 (s, 1H), 7.79 (dd, J = 12.8, 7.4 Hz, 2H), 7.69 (dd, J = 7.8, 
6.1 Hz, 1H), 7.61 (td, J = 7.6, 3.3 Hz, 2H), 7.51 – 7.42 (m, 3H), 4.77 (dt, J = 15.4, 
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11.9 Hz, 1H), 4.47 – 4.35 (m, 1H), 2.96 (t, J = 14.4 Hz, 1H), 2.74 (t, J = 11.5 Hz, 3H), 
2.33 (td, J = 13.6, 6.8 Hz, 1H), 1.05 (d, J = 6.7 Hz, 3H), 0.99 (t, J = 5.9 Hz, 3H).  
13C NMR (125 MHz, CDCl3) δ 164.55, 135.19, 134.99, 134.68, 133.05, 132.97, 
132.55, 132.47, 131.93, 131.66, 130.74, 130.64, 130.41, 130.31, 128.96, 125.27, 
124.52, 122.34, 120.18, 119.67, 119.50, 118.98, 50.90, 50.86, 46.61, 34.42, 34.31, 
26.35, 25.93, 19.74, 19.39, 9.06, 8.54, 8.10. 




A white solid. 
1H NMR (500 MHz, CDCl3) δ 9.72 (d, J = 9.1 Hz, 1H), 8.36 (s, 2H), 7.98 – 7.79 (m, 
7H), 7.71 – 7.46 (m, 9H), 5.22 (dt, J = 15.5, 11.2 Hz, 1H), 5.14 – 4.95 (m, 1H), 3.44 – 
3.18 (m, 1H), 1.67 (dd, J = 6.6, 2.5 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 163.83, 135.21, 135.19, 134.53, 134.44, 131.83, 
131.56, 130.67, 130.56, 128.98, 125.06, 124.58, 122.41, 118.62, 117.94, 41.42, 41.38, 
29.54, 29.15, 24.75, 24.63. 
31P NMR (202 MHz, CDCl3) δ 21.44. 
 
 






A white foam. 
1H NMR (500 MHz, CDCl3) δ 9.33 (d, J = 9.0 Hz, 1H), 8.28 (s, 2H), 8.01 – 7.92 (m, 
2H), 7.80 (s, 1H), 7.79 – 7.72 (m, 2H), 7.58 (dd, J = 7.7, 5.9 Hz, 1H), 7.49 (td, J = 7.7, 
3.3 Hz, 2H), 7.35 (td, J = 7.7, 3.3 Hz, 2H), 7.27 (dd, J = 6.5, 4.7 Hz, 1H), 4.89 (td, J = 
15.9, 9.1 Hz, 1H), 4.33 (dt, J = 15.3, 11.4 Hz, 1H), 3.47 (dd, J = 21.2, 7.7 Hz, 1H), 
2.86 (d, J = 13.9 Hz, 3H), 1.66 (dd, J = 6.6, 2.5 Hz, 3H). 
13C NMR (125 MHz, CDCl3) δ 163.86, 135.01, 134.76, 134.31, 133.18, 133.10, 
132.50, 132.42, 131.63, 131.36, 131.09, 130.47, 130.37, 130.16, 130.06, 128.71, 
126.64, 124.96, 124.47, 122.30, 121.61, 120.93, 118.69, 118.01, 41.93, 41.89, 30.13, 
29.73, 23.35, 23.23, 8.20, 7.77. 













A white foam. 
1H NMR (500 MHz, CDCl3) δ 9.55 (d, J = 8.9 Hz, 1H), 8.51 (s, 2H), 8.01 – 7.91 (m, 
2H), 7.86 (s, 1H), 7.82 – 7.72 (m, 2H), 7.70 – 7.63 (m, 1H), 7.58 (td, J = 7.6, 3.3 Hz, 
2H), 7.48 – 7.38 (m, 3H), 4.80 (dt, J = 15.4, 11.9 Hz, 1H), 4.55 – 4.36 (m, 1H), 2.83 (t, 
J = 14.5 Hz, 1H), 2.75 – 2.65 (m, 3H), 2.07 – 1.92 (m, 1H), 1.46 (ddd, J = 13.3, 7.4, 
4.3 Hz, 1H), 1.25 – 1.11 (m, 2H), 1.02 (d, J = 6.8 Hz, 3H), 0.78 (s, 3H).  
13C NMR (125 MHz, CDCl3) δ 164.42, 135.20, 135.05, 134.70, 133.02, 132.93, 
132.55, 132.47, 132.18, 131.90, 131.64, 131.37, 130.85, 130.73, 130.63, 130.39, 
130.29, 128.98, 125.22, 124.51, 122.34, 120.03, 119.84, 119.35, 119.16, 49.60, 49.56, 
46.41, 40.53, 40.43, 25.99, 25.70, 25.29, 15.74, 11.43, 9.02, 8.53, 8.09.  













A white solid. 
1H NMR (500 MHz, CDCl3) δ 9.41 (d, J = 9.0 Hz, 1H), 8.41 (s, 2H), 8.00 (dd, J = 
13.1, 7.7 Hz, 2H), 7.86 (s, 1H), 7.74 (dd, J = 12.9, 7.8 Hz, 2H), 7.65 (dd, J = 7.9, 6.3 
Hz, 1H), 7.57 (td, J = 7.8, 3.3 Hz, 2H), 7.41 (td, J = 7.7, 3.3 Hz, 2H), 7.34 (dd, J = 8.1, 
6.5 Hz, 1H), 4.86 – 4.74 (m, 1H), 4.62 (dt, J = 15.1, 11.5 Hz, 1H), 3.01 (t, J = 13.9 Hz, 
1H), 2.79 (d, J = 13.7 Hz, 3H), 2.28 (t, J = 9.1 Hz, 1H), 1.68 – 1.57 (m, 2H), 0.88 (d, 
J = 5.8 Hz, 3H), 0.82 (d, J = 6.0 Hz, 3H).  
13C NMR (125 MHz, CDCl3) δ 164.30, 135.03, 134.88, 134.56, 133.20, 133.12, 
132.39, 132.31, 131.86, 131.59, 130.70, 130.60, 130.35, 130.25, 128.89, 125.18, 
124.56, 122.38, 121.22, 120.54, 118.95, 118.26, 45.96, 45.84, 43.85, 29.44, 29.04, 
25.28, 23.19, 22.24, 8.45, 8.01.  












A white solid. 
1H NMR (500 MHz, CDCl3): δ 9.98 (d, J = 8.5 Hz, 1H), 8.31 (s, 2H), 7.88 (s, 1H), 
7.54-7.63 (m, 9H), 7.46-7.50 (m, 6H), 7.30-7.36 (m, 5H), 5.67 (dt, J = 16 Hz and 11 
Hz, 1H), 4.82-4.92 (m, 1H), 3.37 (dt, J = 13 Hz and 5 Hz, 1H), 3.14 (dd, J = 13 Hz 





A white solid. 
1H NMR (500 MHz, CDCl3) δ 9.89 (d, J = 8.5 Hz, 1H), 8.39 (s, 2H), 7.87 (s, 1H), 
7.46 (dd, J = 12.5, 8.2 Hz, 6H), 7.35 – 7.29 (m, 5H), 7.24 (dd, J = 8.1, 3.0 Hz, 5H), 
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5.42 (dt, J = 15.8, 11.2 Hz, 1H), 4.95 – 4.71 (m, 1H), 3.32 (dt, J = 13.2, 4.8 Hz, 1H), 
3.11 (dd, J = 13.3, 10.2 Hz, 1H), 2.91 (dd, J = 15.5, 13.3 Hz, 1H), 2.26 (s, 9H). 
13C NMR (125 MHz, CDCl3) δ 164.08, 146.49, 146.47, 137.84, 135.47, 134.13, 
134.05, 131.89, 131.62, 131.24, 131.13, 130.25, 129.38, 128.94, 127.46, 124.99, 
124.60, 122.43, 115.23, 114.52, 47.69, 43.91, 43.79, 24.46, 24.04, 21.91. 





A brown solid. 
1H NMR (500 MHz, CDCl3) δ 9.79 (d, J = 8.6 Hz, 1H), 9.72 (s, 1H), 8.41 (s, 2H), 
7.90 (s, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.52 – 7.41 (m, 9H), 
7.36 – 7.14 (m, 8H), 7.07 (t, J = 7.5 Hz, 1H), 5.60 – 5.34 (m, 1H), 5.27 – 5.02 (m, 1H), 
3.53 – 3.37 (m, 1H), 3.32 – 3.16 (m, 2H). 
13C NMR (125 MHz, CDCl3) δ 164.37, 137.11, 135.42, 135.02, 134.01, 133.93, 
132.48, 131.85, 131.58, 130.41, 130.30, 129.00, 127.54, 125.06, 124.58, 124.34, 
122.72, 122.41, 120.35, 119.59, 118.19, 117.50, 112.27, 110.91, 46.07, 34.49, 34.37, 
23.88, 9.05. 
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A white solid. 
1H NMR (500 MHz, CDCl3): δ 9.31 (d, J = 8.5 Hz, 1H), 8.34 (s, 2H), 7.77-7.83 (m, 
3H), 7.6-7.64 (m, 2H), 7.47-7.49 (m, 1H), 7.39-7.42 (m, 2H), 7.31-7.36 (m, 3H), 
7.19-7.22 (m, 1H), 7.12 (t, J = 7.5 Hz, 2H), 6.92 (d, J = 7.5 Hz, 2H), 4.51-4.75 (m, 
3H), 4.41-4.48 (m, 1H), 2.77 (t, J = 14.0 Hz, 1H), 2.27-2.34 (m, 1H), 0.94 (d, J = 6.5 





A dark yellow solid. 
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1H NMR (500 MHz, CDCl3) δ 8.84 (d, J = 9.3 Hz, 1H), 8.41 (s, 2H), 7.97 (ddd, J = 
9.6, 6.8, 3.3 Hz, 2H), 7.91 (s, 1H), 7.82 – 7.74 (m, 2H), 7.70 (dt, J = 7.4, 3.7 Hz, 1H), 
7.66 – 7.59 (m, 2H), 7.48 (dt, J = 5.2, 3.3 Hz, 3H), 4.85 (dt, J = 15.5, 11.8 Hz, 1H), 
4.58 – 4.37 (m, 1H), 2.97 (t, J = 14.1 Hz, 1H), 2.72 (d, J = 13.6 Hz, 3H), 2.42 (dd, J = 
13.8, 6.9 Hz, 1H), 1.07 (d, J = 6.7 Hz, 3H), 1.01 (d, J = 6.7 Hz, 3H).  
13C NMR (125 MHz, CDCl3) δ 164.77, 135.31, 134.84, 133.19, 133.10, 132.59, 
132.51, 132.08, 131.81, 130.85, 130.75, 130.53, 130.42, 128.95, 125.53, 122.34, 
120.21, 119.53, 118.78, 51.03, 34.45, 34.35, 26.55, 26.13, 20.11, 19.57, 8.81, 8.37. 





A dark yellow solid. 
1H NMR (500 MHz, CDCl3) δ 8.89 (d, J = 9.1 Hz, 1H), 8.39 (s, 2H), 7.93 (ddd, J = 
9.8, 6.9, 4.0 Hz, 3H), 7.82 – 7.75 (m, 2H), 7.65 (dd, J = 7.9, 6.0 Hz, 1H), 7.59 (td, J = 
7.6, 3.2 Hz, 2H), 7.50 (dd, J = 5.8, 3.1 Hz, 3H), 4.95 (dt, J = 15.5, 11.6 Hz, 1H), 4.48 
– 4.31 (m, 1H), 3.28 – 3.04 (m, 2H), 3.01 – 2.88 (m, 1H), 2.46 – 2.30 (m, 1H), 1.33 – 
1.13 (m, 3H), 1.04 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.7 Hz, 3H).  
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13C NMR (125 MHz, CDCl3) δ 164.23, 134.79, 134.50, 133.29, 133.21, 132.93, 
132.85, 131.68, 131.41, 130.36, 130.27, 130.16, 130.06, 128.53, 125.03, 124.12, 
121.94, 117.97, 117.56, 117.31, 116.90, 50.41, 50.37, 34.08, 33.98, 29.64, 23.81, 
23.41, 19.59, 19.15, 15.17, 14.77, 6.12, 6.08.  





A dark yellow solid. 
1H NMR (500 MHz, CDCl3) δ 8.95 (d, J = 8.8 Hz, 1H), 8.40 (s, 2H), 7.97 – 7.82 (m, 
5H), 7.65 (ddd, J = 11.3, 7.1, 2.7 Hz, 3H), 7.58 – 7.48 (m, 3H), 4.96 (dt, J = 15.7, 
10.9 Hz, 1H), 4.33 (dt, J = 18.5, 9.1 Hz, 1H), 3.80 (dd, J = 10.8, 6.6 Hz, 1H), 2.89 (dd, 
J = 15.5, 13.2 Hz, 1H), 2.29 (dd, J = 13.6, 6.8 Hz, 1H), 1.26 (ddd, J = 22.0, 18.5, 6.9 
Hz, 6H), 0.97 (t, J = 6.4 Hz, 6H).  
13C NMR (125 MHz, CDCl3) δ 168.06, 164.07, 134.63, 134.21, 134.14, 134.07, 
134.00, 131.39, 130.19, 130.09, 129.93, 129.84, 128.48, 50.13, 34.17, 29.61, 22.61, 
21.87, 19.34, 19.05, 16.02, 15.65.  
31P NMR (202 MHz, CDCl3) δ 34.04.  
 
 






A light brown solid. 
1H NMR (500 MHz, CDCl3) δ 8.67 (d, J = 9.2 Hz, 1H), 8.37 (s, 2H), 8.01 (s, 1H), 
7.93 – 7.83 (m, 2H), 7.81 (td, J = 7.2, 1.4 Hz, 1H), 7.78 – 7.66 (m, 5H), 7.62 (td, J = 
7.7, 3.4 Hz, 2H), 7.17 (d, J = 8.1 Hz, 1H), 4.66 (dd, J = 8.1, 5.7 Hz, 1H), 4.46 (dt, J = 
15.5, 11.5 Hz, 1H), 4.26 – 4.01 (m, 1H), 2.89 (d, J = 13.8 Hz, 3H), 2.63 (t, J = 14.9 
Hz, 1H), 2.52 (dq, J = 13.4, 6.7 Hz, 1H), 2.00 (dd, J = 12.3, 6.5 Hz, 1H), 1.10 (d, J = 
6.8 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H), 0.91 (dd, J = 11.9, 6.8 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 171.23, 164.86, 136.29, 135.30, 134.83, 132.29, 
132.25, 132.22, 132.17, 131.89, 130.54, 130.44, 130.31, 130.21, 127.75, 120.78, 
59.44, 49.44, 49.40, 34.38, 34.28, 30.89, 24.88, 24.46, 19.88, 18.34, 18.26, 18.07, 
8.72, 8.29. 











A light brown solid. 
1H NMR (500 MHz, CDCl3) δ 8.81 (t, J = 14.0 Hz, 1H), 8.65 (s, 2H), 8.30 (d, J = 8.8 
Hz, 1H), 7.98 (s, 1H), 7.91 – 7.82 (m, 1H), 7.80 – 7.63 (m, 7H), 7.62 – 7.52 (m, 2H), 
4.46 (t, J = 9.0 Hz, 1H), 4.38 – 4.24 (m, 1H), 4.07 (ddd, J = 19.9, 14.9, 5.0 Hz, 1H), 
2.68 – 2.49 (m, 2H), 2.48 (dd, J = 30.4, 10.4 Hz, 3H), 2.15 – 2.04 (m, 1H), 1.07 (d, J 
= 6.6 Hz, 3H), 1.04 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.8 Hz, 3H), 0.88 (d, J = 6.8 Hz, 
3H).  
13C NMR (125 MHz, CDCl3) δ 171.46, 164.66, 135.50, 135.33, 134.86, 132.19, 
132.11, 132.04, 131.95, 131.90, 131.63, 130.73, 130.63, 130.35, 130.25, 128.69, 
125.18, 124.06, 121.88, 120.66, 119.97, 117.38, 62.58, 49.56, 49.53, 33.56, 33.46, 
30.84, 24.09, 23.68, 19.51, 19.35, 19.00, 17.62, 8.26, 7.83.   











A light brown solid. 
1H NMR (500 MHz, CDCl3) δ 7.92 (dd, J = 12.5, 7.7 Hz, 2H), 7.82 – 7.73 (m, 3H), 
7.73 – 7.65 (m, 3H), 7.65 – 7.58 (m, 2H), 5.93 (d, J = 10.1 Hz, 1H), 4.53 (dt, J = 15.5, 
11.9 Hz, 1H), 3.80 (dd, J = 10.4, 6.3 Hz, 1H), 2.78 (d, J = 13.9 Hz, 3H), 2.13 – 1.99 
(m, 1H), 1.31 (s, 9H), 0.91 (d, J = 6.6 Hz, 6H). 
13C NMR (125 MHz, CDCl3) δ 155.96, 137.49, 135.36, 134.98, 132.92, 132.84, 
132.72, 132.64, 130.89, 130.79, 130.68, 130.58, 80.17, 51.61, 46.70, 35.06, 32.32, 
30.09, 29.75, 28.72, 27.70, 27.28, 23.08, 19.68, 18.55, 14.50, 9.12. 





A light brown solid. 
1H NMR (500 MHz, CDCl3) δ 8.82 (d, J = 8.5 Hz, 1H), 8.49 (s, 2H), 7.94 (s, 1H), 
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7.92 – 7.86 (m, 2H), 7.85 – 7.79 (m, 2H), 7.70 – 7.63 (m, 2H), 7.59 (dtd, J = 10.7, 7.7, 
3.4 Hz, 4H), 4.87 (dt, J = 15.3, 11.7 Hz, 1H), 4.67 (ddd, J = 25.5, 8.7, 3.9 Hz, 1H), 
4.15 (ddd, J = 6.3, 3.9, 2.3 Hz, 1H), 3.22 (t, J = 14.7 Hz, 1H), 2.72 (d, J = 13.8 Hz, 
3H), 1.33 (dd, J = 20.3, 6.2 Hz, 3H), 0.87 (s, 9H), 0.06 (d, J = 12.1 Hz, 6H). 
13C NMR (125 MHz, CDCl3) δ 164.73, 135.42, 135.27, 134.86, 133.14, 133.06, 
132.91, 132.82, 132.28, 132.01, 130.81, 130.71, 130.61, 129.05, 125.72, 124.47, 
122.30, 120.54, 119.85, 118.31, 69.63, 69.52, 50.88, 50.83, 26.25, 21.27, 20.84, 18.74, 
18.43, 9.73, 9.29, -4.24, -4.39. 





A light brown solid. 
1H NMR (500 MHz, CDCl3) δ 7.91 (s, 1H), 7.87 – 7.66 (m, 8H), 7.63 (td, J = 7.5, 3.5 
Hz, 1H), 7.41 (s, 1H), 4.37 – 4.22 (m, 1H), 4.05 (ddd, J = 6.3, 4.2, 2.3 Hz, 1H), 3.37 
(dt, J = 23.3, 11.6 Hz, 1H), 3.08 (t, J = 14.6 Hz, 1H), 2.71 (d, J = 13.7 Hz, 3H), 1.28 
(d, J = 6.3 Hz, 3H), 0.86 (s, 9H), 0.04 (d, J = 27.7 Hz, 6H). 
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13C NMR (125 MHz, CDCl3) δ 154.45, 141.14, 135.75, 135.38, 132.71, 132.66, 
132.64, 132.58, 132.32, 132.06, 131.12, 131.02, 130.94, 130.84, 124.82, 122.65, 
120.38, 119.69, 118.45, 115.58, 69.93, 69.83, 49.71, 26.29, 23.08, 18.42, 17.66, 9.70, 
9.26, -4.28. 





A light brown solid. 
1H NMR (500 MHz, CDCl3) δ 7.85 (s, 2H), 7.76 (ddd, J = 15.0, 10.3, 6.7 Hz, 3H), 
7.69 – 7.53 (m, 11H), 7.48 – 7.32 (m, 7H), 4.47 – 4.29 (m, 1H), 4.18 – 4.02 (m, 1H), 
3.43 (dt, J = 15.4, 11.6 Hz, 1H), 2.99 (t, J = 14.5 Hz, 1H), 2.61 (d, J = 13.7 Hz, 3H), 
1.22 (d, J = 6.2 Hz, 3H), 1.06 (s, 9H). 
13C NMR (125 MHz, CDCl3) δ 154.12, 140.90, 135.93, 135.90, 135.37, 135.05, 
133.39, 133.28, 132.41, 132.32, 132.25, 132.17, 131.97, 131.70, 130.82, 130.72, 
130.66, 130.56, 130.26, 130.22, 128.14, 128.00, 124.59, 119.73, 119.04, 118.19, 
115.23, 71.16, 71.06, 49.14, 27.29, 23.61, 19.43, 17.74, 9.01, 8.57. 
31P NMR (202 MHz, CDCl3) δ 23.71. 
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Chapter 3 Chiral Phosphonium Salts Catalyzed Asymmetric 
Alkylations of Glycine Imines in Aqueous Media 
 
3.1 Introduction 
Asymmetric phase transfer catalysis (APTC) has been one of the most powerful 
methods for enantioselective construction of chemical bonds.83 As an important 
branch of chiral phase transfer catalysts (PTCs), although the first example dated back 
to late 1990s84, chiral phosphonium PTCs have not drawn significant attentions from 
chemists until recently.85 However, compared to the quaternary ammonium PTCs, 
phosphonium PTCs are still under-developed. Natural amino acids are privileged 
scaffolds for constructing chiral catalysts due to their ready availability, low cost, low 
toxicity and diversity of chemical structure86. Our research group has been developing 
chiral bifunctional phosphines based on natural amino acids and successfully applying 
them in various asymmetric transformations 87 . To further extend our work in 
                                                             
83 For selected reviews, see: (a)K. Maruoka, T. Ooi, Chem. Rev., 2003, 103, 3013; (b) M. J. O. Don–nell, Acc. 
Chem. Res., 2004, 37, 506; (c) B. Lygo, B. I. Andrews, Acc. Chem. Res. 2004, 37, 518; (d) T. Ooi, K. Maruoka, 
Angew. Chem., Int. Ed., 2007, 46, 4222; (e) T. Ooi, K.Maruoka, Aldrichimica Acta 2007, 40, 77; (f) T. Hashimoto, 
K.Maruoka, Chem. Rev. 2007, 107, 5656; (g) K. Maruoka, Org.Process Res. Dev. 2008, 12, 679; (h) S. –s. Jew, H. 
–g. Park, Chem.Commun. 2009, 7090; (i) K. Maruoka, Chem. Rec. 2010, 10, 254; (j) S. Shirakawa, K. Maruoka, 
Angew. Chem., Int. Ed. 2013, 52, 4312. 
84 (a) K. Manabe, Tetrahedron, 1998, 54, 14465; (b) K. Manabe, Tetrahedron Lett., 1998, 39, 5807. 
85 For selected reviews, see: (a) T. Werner, Adv. Synth. Catal., 2009, 351, 1469; (b) D. Enders and T. V. 
Nguyen, Org. Biomol. Chem., 2012, 10, 5327. For recent progress, see: (a) C. Dobrota, A. Duraud, M. 
Toffano, J. –C. Fiaud, Eur. J. Org. Chem. 2008, 2439; (b) R. He, X. Wang, T. Hashimoto, K. Maruoka, 
Angew. Chem., Int. Ed. 2008, 47, 9466; (c) D. Uraguchi, Y. Ueki, T. Ooi, J. Am. Chem. Soc. 2008, 130, 
14088; (d) D. Uraguchi, Y. Ueki, T. Ooi, Science 2009, 326, 120; (e) D. Uraguchi, Y. Asai, T. Ooi, Angew. 
Chem., Int. Ed. 2009, 48, 733; (f) R. He, C. Ding, K. Maruoka, Angew. Chem., Int. Ed. 2009, 48, 4559; (g) D. 
Uraguchi, D. Nakashima, T. Ooi, J. Am. Chem. Soc. 2009, 131, 7242; (h) D. Uraguchi, Y. Asai, Y. Seto, T. 
Ooi, Synlett 2009, 658; (i) C. J. Abraham, D. H. Paull, C. Dogo–Isonagie, T. Lectka, Synlett 2009, 1651; (j) 
D. Uraguchi, N. Kinoshita, T. Ooi, J. Am. Chem. Soc. 2010, 132, 12240; (k) C. –L. Zhu, F. –G. Zhang, W. 
Meng, J. Nie, D. Cahard, J. –A. Ma, Angew. Chem., Int. Ed. 2011, 50, 5869; (l) S. Shirakawa, T. Tokuda, A. 
Kasai and K. Maruoka, Org. Lett. , 2013, 15, 3350; (m) S. Shirakawa, K. Koga, T. Tokuda, K.  Yamamoto 
and K. Maruoka, Angew. Chem., Int. Ed., 2014, 53, 6220. 
86 For selected reviews, see: (a) S. –X. Wang, X. Han, F. Zhong, Y. Wang and Y. Lu, Synlett 2011, 19, 2766; (b) L. –
W. Xu and Y. Lu, Chapter 3, in “Comprehensive Enantioselective Organocatalysis”, Ed. Peter Dalko, Wiley-VCH, 
Weinheim, 2013; (c) L. –W. Xu, ChemCatChem. 2013, 5, 2775; (d) X. Zhao, B. Zhu, Z. Jiang, Synlett 2015, 26, 
2216. 
87 For selected publications, see: (a) X. Han, Y. Wang, F. Zhong and Y. Lu, J. Am. Chem. Soc., 2011, 133, 1726; (b) X. 
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developing amino acid-based catalysts, we set out to explore chiral phosphonium 
PTCs based on natural amino acids.  
Among all the common reactions catalyzed by chiral PTCs, the asymmetric 
alkylation reaction between glycine imine 3-1 and benzyl bromides 3-2 is of high 
importance as amino acids 3-4 could be synthesized easily from the corresponding 
alkylation products 3-3 (Scheme 60). The reaction is commonly efficient as no 
background reaction would affect the enantioselectivity of the alkylation products. 
Scheme 60 Synthesis of D-amino acids via an asymmetric alkylation reaction between glycine 
imine and benzyl bromides 
 
Despite the fact that this reaction had been well established by natural alkaloids 
derived83a-c, 83h and Maruoka’s83a-c, 83i spiro-quaternary ammonium PTCs, however, we 
could only find a few examples conducting this reaction in pure aqueous or 
aqueous-rich conditions 88 . To meet the requirements of green and sustainable 
                                                                                                                                                                              
Han, F. Zhong, Y. Wang and Y. Lu, Angew. Chem., Int. Ed., 2012, 51, 767; (c) F. Zhong, X. Han, Y. Wang and Y. Lu, 
Chem. Sci., 2012, 3, 1231; (d) F. Zhong, X. Han, Y. Wang and Y. Lu, Angew. Chem., Int. Ed., 2011, 50, 7837; (e) X. 
Han, W. Yao, T. Wang, Y. R. Tan, Z. Yan, J. Kwiatkowski and Y. Lu, Angew. Chem., Int. Ed., 2014, 53, 5643; (f) W. 
Yao, X. Dou and Y. Lu, J. Am. Chem. Soc., 2015, 137, 55; (g) F. Zhong, X. Dou, X. Han, W. Yao, Q. Zhu, Y. Meng 
and Y. Lu, Angew. Chem., Int. Ed., 2013, 52, 943; (h) F. Zhong, J. Luo, G. –Y. Chen, X. Dou and Y. Lu, J. Am. Chem. 
Soc., 2012, 134, 10222; (i) T. Wang, W. Yao, F. Zhong, G. H. Pang and Y. Lu, Angew. Chem., Int. Ed., 2014, 53, 2964; 
(j) T. Wang, Z. Yu, D. L. Hoon, K. –W. Huang, Y. Lan and Y. Lu, Chem. Sci., 2015, 6, 4912; (k) T. Wang, Z. Yu, D. L. 
Hoon, C. Y. Phee, Y. Lan and Y. Lu, J. Am. Chem. Soc., DOI: 10.1021/jacs.5b10524. 
88 (a) T. Okino, Y. Takemoto, Org. Lett. 2001, 3, 1515; (b) N. Mase, T. Ohno, H. Morimoto, F. Nitta, H. 
Yoda, K. Takabe, Tetrahedron Lett. 2005, 18, 3213; (c) L. Li, Z. Zhang, X. Zhu, A. Popa and S. Wang, 
Synlett 2005, 12, 1873; (d) X. Wang, L. Yin, T. Yang, Y. Wang, Tetrahedron: Asymmetry ,2007, 18, 108; (e) 
X. Wang, J. Lv, L. Liu, Y. Wang, Y. Wu, Journal of Molecular Catalysis A: Chemical, 2007, 276, 102. 
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chemistry, water is an ideal solvent as it is cheap, non-toxic and environmentally 
benign89. Thus, it is always highly desirable to explore asymmetric transformations in 
aqueous media. Moreover, to the best of our knowledge, there was no report on the 
application of chiral phosphonium PTCs to asymmetric alkylation reaction between 
glycine imine and benzyl bromides. Herein, we describe the development of a series 
of novel chiral phosphonium PTCs based on natural amino acids and document their 
applications to asymmetric alkylation reaction between glycine imine and benzyl 
bromides in a mild aqueous-rich condition. 
 
3.2 Results and Discussion 
We prepared our catalyst library of chiral phosphonium PTCs, as 
illustrated in Scheme 61.  
Scheme 61 Chiral phosphonium PTCs studied. 
We began our investigations by applying simple benzyl bromide 3-2a and 
N-(diphenylmethylene) glycine tert-butyl ester 3-1a as substrates to evaluate 
                                                             
89 For selected reviews, see: (a) C.–J. Li and L. Chen, Chem. Soc. Rev., 2006, 35, 68; (b) C. I. Herrerias, X. 
Yao, Z. Li and C.–J. Li, Chem. Rev., 2007, 107, 2546; (c) A. Chanda and V. V. Fokin, Chem. Rev., 2009, 109, 
725; (d) R. N. Butler and A. G. Coyne, Chem. Rev., 2010, 110, 6302; (e) M.–O. Simon and C.–J. Li, Chem. 
Soc. Rev., 2012, 41, 1415; (f) S. Kobayashi, Pure Appl. Chem., 2013, 85, 1079. 
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the catalytic effects of the chiral phosphonium PTCs for the projected 
asymmetric alkylation reaction (Table 3-1). To our delight, we found that all 
the chiral phosphonium PTCs could effectively catalyzed the reaction. 
 
Table 3-1: Screening and optimization for asymmetric alkylation reaction 
between glycine imine and benzyl bromide in liquid form[a] 




1 Toluene 3-5a NaOH(50%) 94 33 
2 Toluene 3-5b NaOH(50%) 93 6 
3 Toluene 3-5c NaOH(50%) 90 14 
4 Toluene 3-6a NaOH(50%) 94 25 
5 Toluene 3-6a NaOH(10%) 93 71 
6 Toluene 3-5a NaOH(5%) 90 57 
7 Toluene 3-6a NaOH(5%) 91 82 
8 Toluene 3-6a NaOH(2%) 92 87 
9 Xylenes 3-6a NaOH(2%) 94 88 
10 Mesitylene 3-6a NaOH(2%) 89 87 
11 Xylenes 3-6a KOH(2%) 90 89 
12 Xylenes 3-6a LiOH(2%) 88 86 
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13 Xylenes 3-6a CsOH(2%) 89 88 
14 Xylenes 3-6a K2CO3 90 87 
15 Xylenes 3-6a Cs2CO3 87 88 
16 Xylenes 3-6b KOH(2%) 90 86 
17 Xylenes 3-7a KOH(2%) 92 69 
18 Xylenes 3-7b KOH(2%) 91 11 
19[d] Xylenes 3-6a KOH(2%) 93 93 
20[d,e] Xylenes 3-6a KOH(2%) 89 91 
21[d,f] Xylenes 3-6a KOH(2%) 90 89 
[a] Reactions were performed with 3-1a (0.04 mmol), 3-2a (0.4 mmol), base solution (0.2 
mL), organic co-solvent (0.02 mL) and catalyst (0.004 mmol). Reaction time was 12 hours 
unless indicated. [b] Yields of isolated product. [c] Determined by HPLC analysis on a 
chiral stationary phase. [d] The reaction was performed at -10oC. Reaction time was 48 
hours. [e] The reaction was performed without organic co-solvent. [f] The reaction was 
performed with 3-2a (0.2 mmol).  
 
Among all the L-valine derived phosphonium PTCs, triphenylphosphine 
derived 3-5a were shown to be the best (entries 1-3). Although phenylalanine 
derived 3-6a was inferior to 3-5a with the employment of 50% NaOH solution, 
however, significant improvement (82% ee) was observed when the base 
solution diluted to 5% weight percentage (entries 4-7). Enantioselectivity could 
be further improved by diluting the base solution to 2% weight percentage 
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(entry 8), solvent screening (entries 9, 10) and base screening (entries 11-15). 
As a result, 2% KOH was proven to be the best base and xylenes was selected 
as the optimized solvent. Modification on the catalyst structure by introducing 
bulky substitution on the phosphonium cation did not improve the result (entry 
16). As 3-6a was better than 3-5a, we thought aromatic moiety might play an 
important role while facilitating the reaction. Thus, we developed L-Tryptophan 
derived catalyst 3-7a and 3-7b. However, the results were not satisfied (entries 
17, 18). Fortunately, we could be able to get 92% ee by lowering the 
temperature to -10oC (entry 19). Even in pure aqueous media, the reaction still 
could proceed nicely with 91% ee (entry 20). One certain limitation is that we 
have to use 10 equivalents of bromide compounds to ensure the 
enantioselectivity (entry 21).  
In aqueous reactions, the phase behaviour generally is very important. In 
this case, since the benzyl bromide was in liquid form, the reaction system 
looked like a micelle system and froze slightly after completion. However, 
while applying the optimized condition in the scope, we found that quite many 
substituted benzyl bromides were in solid form rather than in liquid form. As 
the optimized condition only contained 0.02 mL organic co-solvent, it was not 
enough to dissolve the solids. As a result, we could not fully convert the 
starting materials (Table 3-2, entry 1). Thus, a further optimization on the 
amount of organic co-solvent to improve the conversion of the reactions with 
substituted benzyl bromides in solid form was performed (Table 3-2).  
 




Table 3-2: Optimization on the amount of organic co-solvent for asymmetric 
alkylation with benzyl bromide in solid form[a] 
 
Entry Amount of organic 
solvent (ml) 
Yield[b] (%) ee[c] (%) 
1 0.02 38 87 
2 0.03 45 88 
3 0.05 68 91 
4[d] 0.1 92 92 
5 0.2 49 90 
[a] Reactions were performed with 3-1a (0.04 mmol), 3-2a (0.4 mmol), KOH solution in 2% 
weight percentage (0.2 mL) and catalyst (0.004 mmol) in different amount of xylenes. 
Reaction time was 48 hours unless indicated. [b] Yields of isolated product. [c] Determined 
by HPLC analysis on a chiral stationary phase. [d] Full conversion. 
 
We were glad to note that an increased amount (0.1 mL) of the organic 
co-solvent could help improve the yield of the reactions containing substituted 
benzyl bromides in solid form. Basically the reaction needed certain amount of 
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organic co-solvent to dissolve the solid substrates to facilitate the 
transformation in an aqueous-rich media.  
Thus, we were able to summarize the optimized conditions as below 
(Scheme 62) and named the optimized condition as Method A and Method B 
correspondingly. As stated, we had obtained the optimized conditions as very 
mild aqueous-rich conditions. 
Scheme 62 Optimized conditions 
 
With the optimization in hand, we next tended to explore the scope of the 
reaction. Excellent yields and ee values could be obtained in most cases (entries 
1-8) when weak electron withdrawing or donating substitutions appeared. 
However, when strong electron withdrawing group were introduced, the 
enantioselectivities were affected negatively (entries 9-12).  
 
Table 3-3: Asymmetric alkylations of 3-1a to benzyl bromides[a] 
 
Entry Ar Product Method Yield[b] (%) ee[c] (%) 
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1 Ph 3-3a B 93 93 
2 4-ClPh 3-3b A 92 92 
3 2-ClPh 3-3c B 90 93 
4 3-ClPh 3-3d B 94 88 
5 2-MePh 3-3e B 89 94 
6 3-MePh 3-3f A 90 93 
7 4-MePh 3-3g A 93 94 
8 1-Naphtyl 3-3h A 91 93 
9 4-CF3Ph 3-3i A 94 85 
10 2-NO2Ph 3-3j A 92 85 
11 3-NO2Ph 3-3k A 90 80 
12 2,3,4,5,6-F5Ph 3-3l B 90 77 
[a] Reactions were performed with 3-1a (0.08 mmol), 3-2 (0.8 mmol), KOH solution in 2% 
weight percentage (0.4 mL) and catalyst (0.008 mmol) in different amount of xylenes with 
the reference of Method A or B. Reaction time was 48 hours unless indicated. [b] Yields of 
isolated product. [c] Determined by HPLC analysis on a chiral stationary phase.  
 
Furthermore, we also would like to see the catalytic effects on the aliphatic 
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compounds. We thus chose the common substrates, allylic bromide 3-8 and methyl 
iodide 3-10 to test (Scheme 63). The corresponding product 3-9 and 3-11 could be 
obtained with excellent yields and good ee values. These results revealed that the 
newly established chiral phosphonium PTCs based on natural amino acids were able 
to efficiently catalyze not only the benzyl bromide derivatives but also the aliphatic 
substrates. 
Scheme 63 Asymmetric alkylations between glycine imine and allylic bromide, methyl iodide 
 
3.3 Conclusions 
In conclusion, we introduced a series of novel chiral phosphonium phase transfer 
catalysts derived from natural amino acids and these catalysts were shown to be 
highly efficient for facilitating the asymmetric alkylation reactions between glycine 
imine and benzyl bromide derivatives, aliphatic bromide/iodide. In almost all the 
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3.4 Experiment Section 
3.4.1 General Information 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. Solvent purification system was 
used to dry and purify toluene and diethyl ether while THF was dried and distilled 
from sodium benzophenone ketyl prior to use. CHCl3 was distilled from CaH2 prior to 
use. 1H, 13C and 19F NMR spectra were recorded on a Bruker ACF300, AMX 400 or 
AMX500 (1H and 13C only) spectrometer. Chemical shifts were reported in parts per 
million (ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0), and fluorine CFCl3 (AMX400) or 
TFA (ACF300). Multiplicity was indicated as follows: s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), dd (doublet of doublets), bs (broad singlet). 
Coupling constants were reported in Hertz (Hz). Low resolution mass spectra were 
obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a Finnigan/MAT 
95XL- T mass spectrometer in FAB mode. All high resolution mass spectra were 
obtained on a Finnigan/MAT 95XL-T spectrometer. For thin layer chromatography 
(TLC), Merck pre-coated TLC plates (Merck 60 F254) were used, and compounds 
were visualized with a UV light at 254 nm. Further visualization was achieved by 
staining with KMnO4 aqueous solution or ninhydrine solution in ethanol, followed by 
heating with a heat gun. Flash chromatographic separations were performed on Merck 
60 (0.040-0.063 mm) mesh silica gel. The enantiomeric excesses of products were 
determined by chiral-phase HPLC analysis. Optical rotations were recorded on Jasco 
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DIP-1000 Digital Polarimeter with 10 mm cell and 589 nm sodium lamp. 
3.4.2 Representative Procedure for the Asymmetric Alkylation Reaction 
Asymmetric alkylation reaction of glycine imine tBu ester 3-1a with benzyl bromide 
3-2a catalyzed by 3-6a.  
 
To a clean test tube, glycine imine tBu ester 3-1a (23.6 mg, 0.08 mmol), catalyst 
3-6a (5.7 mg, 0.008 mmol) were added. Then benzyl bromide 3-2a (136.8 mg, 0.8 
mmol), xylenes (if benzyl bromide derivatives are liquid, 0.04 mL; if benzyl bromide 
derivatives are solid, 0.2 mL) were added into the system. KOH aqueous solution (wt. 
= 2%) were added for the last step. Then the reaction system was allowed to stir under 
-10oC for 2 days. After the reaction, the system was warmed to room temperature and 
purified directly by column chromatography without further work-up (hexane/AcOEt 
= 20/1 as eluent) to afford the alkylation product 3-3a (28.6mg , 93%) as a colorless 
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3.4.3 Analytical Data of Alkylation Products 
(S)-tert-butyl 2-((diphenylmethylene)amino)-3-phenylpropanoate 
 
93% yield, 93% ee.  
1H NMR (500 MHz, CDCl3): 7.56–7.58 (m, 2H), 7.26–7.38 (m, 6H), 7.13–7.21 (m, 
3H), 7.04–7.06 (m, 2H), 6.60 (br, d, 2H, J = 6.0 Hz), 4.10 (dd, 1H, J = 4.4, 9.6 Hz), 
3.23 (dd, 1H, J = 4.4, 13.6 Hz), 3.15 (dd, 1H, J = 9.6, 13.6 Hz), 1.44 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




92% yield, 92% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.60–7.62 (m, 2H), 7.25–7.36 (m, 6H), 7.16 (d, 2H, J 
= 8.0 Hz), 7.04 (d, 1H, J = 8.0 Hz), 6.63 (m, 3H), 4.48 (m, 1H), 3.48–3.69 (m, 2H), 
1.45 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
0.5 mL/min, retention time: tR = 12.4 min and 13.7 min. 
 





90% yield, 93% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.61–7.62 (m, 2H), 7.39–7.41 (m, 2H), 7.27–7.38 (m, 
6H), 7.12–7.17 (t, 1H, J = 7.2 Hz), 7.04–7.06 (m, 3H), 4.38–4.39 (m, 1H), 3.47–3.48 
(m, 2H), 1.47 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




94% yield, 88% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.57–7.60 (m, 2H), 7.36–7.56 (m, 6H), 7.12–7.14 (m, 
2H), 6.91–7.07 (m, 2H), 6.66–6.68 (m, 2H), 4.11–4.13 (m, 1H), 3.19–3.21 (m, 2H), 
1.46 (s, 9H) ppm;  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
0.5 mL/min, retention time: tR = 13.2 min and 14.7 min. 
 
 





89% yield, 94% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.69–7.71 (m, 3H), 7.50–7.59 (m, 3H), 7.29–7.32 (m, 
4H), 6.63–7.08 (m, 4H), 3.19–4.08 (dd, 1H, J = 9.2, 4.4 Hz), 3.17 (dd, 2H, J = 13.6, 
9.2 Hz), 2.26 (s, 3H), 1.44 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




90% yield, 93% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.68−7.73 (m, 3H), 7.50–7.58 (m, 5H), 7.26–7.30 (m, 
2H), 7.03–7.06 (m, 2H), 6.56–6.61 (m, 2H), 4.09–4.24 (dd, 1H, J = 9.2, 4.4 Hz), 
3.13–3.18 (dd, 2H, J = 13.6, 9.2 Hz), 2.28 (s, 3H), 1.44 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
0.5 mL/min, retention time: tR = 14.8 min and 17.4 min. 
 
 





93% yield, 94% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.69–7.72 (m, 1H), 7.50–7.60 (m, 3H), 7.29–7.32 (m, 
4H), 7.03–7.05 (m, 4H), 6.62–6.64 (m, 2H), 4.07–4.13 (m, 1H), 3.18–3.19 (m, 2H), 
2.26 (s, 3H), 1.44 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




91% yield, 93% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.50–7.72 (m, 4H), 7.39 (ddd, J = 8.7, 6.9, 1.2 Hz, 
1H), 7.12–7.34 (m, 8H), 6.96 (t, J = 7.5 Hz, 2H), 6.68 (m, 2H), 4.30 (dd, J = 8.2, 3.8 
Hz, 1H), 3.86 (dd, J = 12.9, 3.8 Hz, 1H), 3.56 (dd, J =12.9, 8.2 Hz,  1H), 1.46 (s, 9H) 
ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
 
           PHD DISSERTATION 2016                                   Wen Shan 
78 
 




94% yield, 85% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.47–7.76 (m, 10H), 7.41-7.44 (d, J = 9.0 Hz, 2H), 
7.05–7.09 (d, J = 12 Hz, 2H), 4.32-4.38 (t, J = 9.0 Hz, 1H), 3.25-3.29 (d, J =12.0 Hz, 
1H), 1.46 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




92% yield, 85% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.23–7.66 (m, 14H), 4.25 (t, J = 5.0 Hz, 1H), 3.12 (d, 
J =6.0 Hz, 2H), 1.46 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
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90% yield, 80% ee.  
1H NMR (500 MHz, CDCl3) δ: 7. 78 (s, 1H), 7.23–7.66 (m, 13H), 4.25 (t, J = 5.0 Hz, 
1H), 3.12 (d, J =6.0 Hz, 2H), 1.46 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




90% yield, 77% ee.  
1H NMR (500 MHz, CDCl3): δ = 7.57 (d, J = 1.2 Hz, 2H), 7.42-7.28 (m, 6H), 6.88 (d, 
J = 6.4 Hz, 2H), 4.26 (dd, J = 8.8, 5.2 Hz, 1H), 3.37-3.31 (m, 1H), 3.27-3.22 (m, 1H), 
1.46 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
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95% yield, 85% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.62–7.65 (2H, m), 7.29–7.47 (6H, m), 7.16–7.20 (2H, 
m), 5.60–5.62 (m, 1H), 5.03 (dd, 1H, J = 17.2, 1.5 Hz), 5.01 (dd, 1H, J = 10.2, 1.5 Hz), 
4.00 (dd, 1H, J = 7.6, 5.6 Hz), 2.57–2.69 (m, 2H), 1.44 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 




90% yield, 70% ee.  
1H NMR (500 MHz, CDCl3) δ: 7.62–7.65 (m, 2H), 7.30–7.51 (m, 6H), 7.17–7.20 (m, 
2H), 4.03 (q, 1H, J = 6.8 Hz), 1.46 (d, 3H, J = 6.8 Hz), 1.44 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 99:1, flow rate = 
0.5 mL/min, retention time: tR = 11.2 min and 13.0 min. 
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Chapter 4 Conjugate Addition of Glycine Imine Catalyzed 




Enantioselective carbon-carbon bond formation is one of the major 
challenges in organocatalysis. Among all the available methods towards 
constructing C-C bond enantioselectively, chiral phosphine catalysis90 has been 
an ideal way due to the high efficiency and the broad scope of the available 
chiral scaffolds. Our lab has been focusing on developing chiral bifunctional 
phosphines based on natural amino acids and has applied them successfully in 
[3+2], [4+2] and [4+1] cycloadditions 91 , Michael reaction 92 , allylic 
alkylations93, (aza)-MBH reactions94 J-additions95 etc.. To develop 
further the current phosphine library, we designed to introduce an extra 
substitution group to the tertiary phosphine to make it a phosphonium salt 
                                                             
90 For selected reviews, see: (a) X. Lu, C. Zhang and Z. Xu, Acc. Chem. Res., 2001, 34, 535; (b) J. L. Methot and W. 
R. Roush, Adv. Synth. Catal., 2004, 346, 1035; (c) L.–W. Ye, J. Zhou and Y. Tang, Chem. Soc. Rev., 2008, 37, 1140; 
(d) B. J. Cowen and S. J. Miller, Chem. Soc. Rev., 2009, 38, 3102; (e) A. Marinetti and A. Voituriez, Synlett, 2010, 
174; (f) S.–X. Wang, X. Han, F. Zhong and Y. Lu, Synlett, 2011, 2766; (g) Q.–Y. Zhao, Z. Lian, Y. Wei and M. Shi, 
Chem. Commun., 2012, 48, 1724; (h) Y. C. Fan and O. Kwon, Chem. Commun., 2013, 49, 11588; (i) Z. Zhang, X. Xu 
and O. Kwon, Chem. Soc. Rev., 2014, 43, 2927; (j) Y. Xiao, Z. Sun, H. Guo and O. Kwon, Beilstein J. Org. Chem., 
2014, 10, 2089; (k) Y. Wei and M. Shi, Chem.–Asian J., 2014, 9, 2720. 
91 (a) X. Han, Y. Wang, F. Zhong and Y. Lu, J. Am. Chem. Soc., 2011, 133, 1726; (b) X. Han, F. Zhong, Y. Wang and 
Y. Lu, Angew. Chem., Int. Ed., 2012, 51, 767; (c) F. Zhong, X. Han, Y. Wang and Y. Lu, Chem. Sci., 2012, 3, 1231; (d) 
F. Zhong, X. Han, Y. Wang and Y. Lu, Angew. Chem., Int. Ed., 2011, 50, 7837; (e) F. Zhong, G.–Y. Chen, X. Han, W. 
Yao and Y. Lu, Org. Lett., 2012, 14, 3764; (f) X. Han, W. Yao, T. Wang, Y. R. Tan, Z. Yan, J. Kwiatkowski and Y. Lu, 
Angew. Chem., Int. Ed., 2014, 53, 5643; (g) X. Han, S. –X. Wang, F. Zhong and Y. Lu, Synthesis, 2011, 1859; (h) W. 
Yao, X. Dou and Y. Lu, J. Am. Chem. Soc., 2015, 137, 55. 
92 F. Zhong, X. Dou, X. Han, W. Yao, Q. Zhu, Y. Meng and Y. Lu, Angew. Chem., Int. Ed., 2013, 52, 943. 
93 F. Zhong, J. Luo, G. –Y. Chen, X. Dou and Y. Lu, J. Am. Chem. Soc., 2012, 134, 10222. 
94 (a) F. Zhong, Y. Wang, X. Han, K. –W. Huang and Y. Lu, Org. Lett., 2011, 13, 1310; (b) X. Han, Y. Wang, F. 
Zhong and Y. Lu, Org. Biomol. Chem.,2011, 9, 6734. 
95 (a)T. Wang, W. Yao, F. Zhong, G. H. Pang and Y. Lu, Angew. Chem., Int. Ed., 2014, 53, 2964; (b) T. Wang, Z. Yu, 
D. L. Hoon, K.–W. Huang, Y. Lan and Y. Lu, Chem. Sci., 2015, 6, 4912; (c) T. Wang, D. L. Hoon and Y. Lu, Chem. 
Commun., 2015, 51, 10186; (d) T. Wang, Z. Yu, D. L. Hoon, C. Y. Phee, Y. Lan and Y. Lu, J. Am. Chem. Soc., 
DOI: 10.1021/jacs.5b10524. 
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(Scheme 64) and apply the new chiral salt in asymmetric phase transfer 
catalysis.  
 
Scheme 64 Develop bifunctional phosphonium PTCs from chiral phosphines 
 
To the best of our knowledge, there were only few similar designs 
reported recently by Maruoka’s group96 and Zhao’s group97. In a broader sense, 
chiral phosphonium phase transfer catalysts 98  were much less explored 
comparing to the classic ammonium phase transfer catalysts99 despite the fact 
that it had been almost two decades since the first asymmetric phase transfer 
catalysis was conducted with chiral phosphonium salts 100 . With the 
consideration of natural abundance and unique properties of phosphorus 
                                                             
96 S. Shirakawa, A. Kasai, T. Tokuda and K. Maruoka, Chem. Sci., 2013, 4, 2248. 
97 (a) X. Wu, Q. Liu, Y. Liu, Q. Wang, Y. Zhang, J. Chen, W. Cao and G. Zhao, Adv. Synth. Catal., 2013, 355, 2701; 
(b) D. Cao, Z. Chai, J.  Zhang, Z. Ye, H. Xiao, H. Wang, J. Chen, X. Wu and G. Zhao, Chem. Commun., 2013, 49, 
5972; (c) D. Cao, J. Zhang, H. Wang and G.  Zhao, Chem. Eur. J., 2015, 21, 9998. 
98 For selected reviews, see: (a) T. Werner, Adv. Synth. Catal., 2009, 351, 1469; (b) D. Enders and T. V. Nguyen, 
Org. Biomol. Chem., 2012, 10, 5327. For recent progress, see: (a) C. Dobrota, A. Duraud, M. Toffano, J. –C. Fiaud, 
Eur. J. Org. Chem. 2008, 2439; (b) R. He, X. Wang, T. Hashimoto, K. Maruoka, Angew. Chem., Int. Ed. 2008, 47, 
9466; (c) D. Uraguchi, Y. Ueki, T. Ooi, J. Am. Chem. Soc. 2008, 130, 14088; (d) D. Uraguchi, Y. Ueki, T. Ooi, 
Science 2009, 326, 120; (e) D. Uraguchi, Y. Asai, T. Ooi, Angew. Chem., Int. Ed. 2009, 48, 733; (f) R. He, C. Ding, 
K. Maruoka, Angew. Chem., Int. Ed. 2009, 48, 4559; (g) D. Uraguchi, D. Nakashima, T. Ooi, J. Am. Chem. Soc. 
2009, 131, 7242; (h) D. Uraguchi, Y. Asai, Y. Seto, T. Ooi, Synlett 2009, 658; (i) C. J. Abraham, D. H. Paull, C. 
Dogo–Isonagie, T. Lectka, Synlett 2009, 1651; (j) D. Uraguchi, N. Kinoshita, T. Ooi, J. Am. Chem. Soc. 2010, 132, 
12240; (k) C. –L. Zhu, F. –G. Zhang, W. Meng, J. Nie, D. Cahard, J. –A. Ma, Angew. Chem., Int. Ed. 2011, 50, 
5869; (l) S. Shirakawa, T. Tokuda, A. Kasai and K. Maruoka, Org. Lett. , 2013, 15, 3350; (m) S. Shirakawa, K. 
Koga, T. Tokuda, K.  Yamamoto and K. Maruoka, Angew. Chem., Int. Ed., 2014, 53, 6220. 
99 For selected reviews, see: (a)K. Maruoka, T. Ooi, Chem. Rev., 2003, 103, 3013; (b) M. J. O. Don–nell, Acc. 
Chem. Res., 2004, 37, 506; (c) B. Lygo, B. I. Andrews, Acc. Chem. Res. 2004, 37, 518; (d) T. Ooi, K. Maruoka, 
Angew. Chem., Int. Ed., 2007, 46, 4222; (e) T. Ooi, K.Maruoka, Aldrichimica Acta 2007, 40, 77; (f) T. Hashimoto, 
K.Maruoka, Chem. Rev. 2007, 107, 5656; (g) K. Maruoka, Org.Process Res. Dev. 2008, 12, 679; (h) S. –s. Jew, H. 
–g. Park, Chem.Commun. 2009, 7090; (i) K. Maruoka, Chem. Rec. 2010, 10, 254; (j) S. Shirakawa, K. Maruoka, 
Angew. Chem., Int. Ed. 2013, 52, 4312. 
100 (a) K. Manabe, Tetrahedron, 1998, 54, 14465; (b) K. Manabe, Tetrahedron Lett., 1998, 39, 5807. 
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compounds, it is quite ideal to introduce a series of highly efficient 
phosphonium PTCs.  
The conjugate addition reactions between glycine imine 4-1 with various 
Michael acceptors are of importance as highly functionalized product could be 
generated efficiently. For instance, the Michael product 4-3 of chalcones 4-2 
could be further derived to highly substituted proline scaffold 4-4 (Scheme 65). 
Scheme 65 Michael reaction between glycine imine and chalcones 
 
Despite the importance of this transformation between glycine imine and 
chalcones, however, there are only three successful examples reported in literature. In 
2011, Tan and co-workers demonstrated a series of novel chiral pentanidium catalysts 
and reported that catalyst 4-5 was the best one in this reaction101. Ma and co-workers 
carried out this reaction by using a newly designed binaphthyl based bis-ammonium 
salt 4-6102. In 2013, Hii group developed another methodology by using newly 
designed SP2 ammonium PTCs, such as 4-7, based on amino acids103. Although in all 
the three examples, high diastereoselectivity and enantioselectivity were successfully 
obtained, however, considering with the large pool of chiral PTCs currently existing, 
chalcones are indeed a series of challenging compounds to control 
                                                             
101 T. Ma, X. Fu, C. W. Kee, L. Zong, Y. Pan, K.–W. Huang and C.–H. Tan, J. Am. Chem. Soc., 2011, 133, 2828. 
102 M.–Q. Hua, L. Wang, H.–F. Cui, J. Nie, X.–L. Zhang and J.–A. Ma, Chem. Commun., 2011, 47, 1631. 
103 A. E. Sheshenev, E. V. Boltukhina, A. J. P. White and K. K. Hii, Angew. Chem., Int. Ed., 2013, 52, 6988. 
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diastereoselectively and enantioselectively. 
 
Scheme 66 Representative PTCs which catalyzed Michael addition reaction between glycine 
imine and chalcones 
 
4.2 Results and Discussion 
The synthesis of chiral phosphonium iodide 4-8a required only one step 
starting from the corresponding chiral phosphine that we established before 
(Scheme 67). The salt formation reaction took place in room temperature and 
the isolated yield was 90% after a flash chromatography. 
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Scheme 67 Synthesis of L-Valine based chiral phosphonium iodide from corresponding 
chiral phosphine. 
 
We introduced different bifunctional groups to the amino groups of amino 
acids and derived them into corresponding chiral phosphonium PTCs by 
applying the above-mentioned method and reported procedures. We prepared a 
wide range of bifunctional chiral phosphonium PTCs (Scheme 68), which were 
used for subsequent studies. 
 
Scheme 68 Chiral phosphonium PTCs investigated 
 
We began our investigations by applying chalcones 4-2a and 
N-(diphenylmethylene) glycine tert-butyl ester 4-1a as substrates to evaluate 
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the catalytic effects of the phosphonium PTCs for the projected conjugate 
addition (Table 4-1). To our delight, all the novel chiral phosphonium PTCs 
could effectively catalyze the reaction with only one diastereoisomer product. 
Table 4-1: Screening and optimization for asymmetric Michael reaction 
between glycine imine and chalcones[a] 
 
Entry Solvent Catalyst Yield[b] (%) ee[c] [%] 
1 Toluene 4-8a 90 83 
2 Toluene 4-8b 91 82 
3 Toluene 4-8c 89 56 
4 Toluene 4-8d 89 34 
5 Toluene 4-8e 92 5 
6 Toluene 4-8h 94 69 
7 Toluene 4-8i 93 57 
8 Toluene 4-9 93 70 
9 Toluene 4-10 90 80 
10 Toluene 4-11 91 81 
11 Ether 4-8a 94 88 
12[d] Ether 4-8a 90 90 
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13[e] Ether 4-8a 93 92 
14 Ether 4-8f 95 91 
15[f] Ether 4-8g - - 
[a] Reactions were performed with 4-1a (0.04 mmol), 4-2a (0.05 mmol), Cs2CO3 
(0.32mmol) and catalyst (0.004 mmol) in solvent (0.3 mL). Reaction time was 12 hours 
unless indicated. [b] Yields of isolated product. [c] Determined by HPLC analysis on a 
chiral stationary phase. [d] The reaction was performed at -20oC. Reaction time was 24 
hours. [e] The reaction was performed at -55oC. Reaction time was 48 hours. [f] No 
reaction. 
 
Table 4-2: Asymmetric conjugated addition of chalcone 4-2a with different glycine 
imines catalyzed by 4-8a in Et2O[a] 
 
Entry R 4-3 Yield[b] (%) ee[c] (%) 
1 tert-Bu 4-3a 93 92 
2 Et 4-3r 90 75 
3 Me 4-3s 89 63 
[a] Reactions were performed with 4-1 (0.04 mmol), 4-2a (0.05 mmol), and catalyst 4-8a (0.004 
mmol) in Et2O (0.3 mL) under -55oC. Reaction time was 48 hours unless indicated. [b] Yields of 
isolated products. [c] Determined by HPLC analysis on a chiral stationary phase. 
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Table 4-3: Asymmetric conjugated addition of chalcone 4-2a with glycine imine 
tert-Butyl ester 4-1a catalyzed by 4-8a in different solvents[a] 
 





 6 90 45 
2[d] CHCl
3
 - - - 
3 EA 12 88 20 
4 Hexane 12 90 84 
5 DMF 15 93 0 
6 CH
3
CN 10 89 11 
7[d] MeOH - - - 
8 Et2O 12 94 88 
9 tert-Butyl 
Methyl Ether 
12 95 85 
10 Cyclopropane 
Methyl Ether 
12 93 87 
11[d] THF - - - 
12 Phenyl Methyl 
Ether 
12 90 70 
12 Toluene 12 90 83 
13 Xylenes 12 90 83 
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14 Mesitylene 12 92 84 
[a] Reactions were performed with 4-1a (0.04 mmol), 4-2a (0.05 mmol), and catalyst 4-8a (0.004 
mmol) in solvent (0.3 mL) at room temperature. [b] Yields of isolated products. [c] Determined by 
HPLC analysis on a chiral stationary phase. [d] No reaction. 
 
Table 4-4: Base effects on the asymmetric conjugated addition of chalcone 4-2a with 
glycine imine tert-Butyl ester 4-1a catalyzed by 4-8a in Et2O[a] 
 
Entry base Equiv. of 
base 
Time (h) Yield[b] (%) ee[c] (%) 
1[d] CsOH 5 - - - 
2[d] NaHCO3 5 - - - 
3 K2CO3 5 24 89 67 
4 Cs2CO3 3 48 75 85 
5 Cs2CO3 5 24 90 87 
6 Cs2CO3 8 24 93 88 
7 Cs2CO3 10 24 92 87 
[a] Reactions were performed with 4-1a (0.04 mmol), 4-2a (0.05 mmol), and catalyst 4-8a (0.004 
mmol) in solvent (0.3 mL) at room temperature. [b] Yields of isolated products. [c] Determined by 
HPLC analysis on a chiral stationary phase. [d] No reaction. 
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Among all the L-valine derived phosphonium PTCs, amide-phosphonium 
8a was found to be the most efficient one (entries 1–7). It was also worthy to 
note that phosphonium iodide was the better comparing with the corresponding 
bromide and triflate salts (entries 13). Various amino acids were next tested 
(entries 810) and L-valine was proven to be the best scaffold. After exploring 
the effects of base (Table 44), detailed solvent screening (Table 43) and 
temperature effect (entries 1113), 8 equivalents of Cs2CO3 was chosen as the 
most suitable basic condition, diethyl ether was selected as the best solvent and 
under -55oC the enantioselectivity could be obtained up to 92%. Further 
enlargement of the methyl substitution on the phosphonium ion (entries 1415) 
did not improve the results. Interestingly, there was totally no reaction when 
isopropyl group was binding to the phosphonium cation (entry 15) due to the 
increased steric effect. 
With the best condition in hand, we next turned to see the scope of the 
reaction (Table 5). All the products 3a-3q could be obtained as single 
diastereoisomer with excellent chemical yields and enantioselectivity regardless 
of any substitutions on the two aromatic rings on chalcones. It was worthy to 
highlight that the meta-substitution on R2 (entries 3, 7, 8) were investigated 
with excellent results for the first time. Moreover, the hetero-aryls appearing at 
the ketone side performed extremely well (entries 1215) while no reaction 
result could be observed when 2-thienyl substitution went to the E-substituted 
position (entry 18). 
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Table 5: Conjugate addition of 4-1a to chalcone derivatives[a] 
 
Entry R1 R2 4-3/Yield[b] 
(%) 
ee[c] (%) 
1 Ph Ph 4-3a/93 92 
2 Ph 2-ClPh 4-3b/94 90 
3 Ph 3-ClPh 4-3c/95 90 
4 Ph 4-ClPh 4-3d/92 90 
5 Ph 4-FPh 4-3e/90 90 
6 Ph 1-naphathyl 4-3f/95 90 
7 Ph 3-BrPh 4-3g/92 92 
8 Ph 3-OMePh 4-3h/94 92 
9 Ph 4-NO2Ph 4-3i/90 90 
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10 4-FPh Ph 4-3j/90 92 
11 4-ClPh Ph 4-3k/88 93 
12 2-furyl Ph 4-3l/95 93 
13 2-thienyl Ph 4-3m/94 96 
14 2-pyridyl Ph 4-3n/93 92 
15 4-pyridyl Ph 4-3o/94 94 
16 Me Ph 4-3p/90 90 
17 4-FPh 4-FPh 4-3q/91 90 
18[d] Ph 2-thienyl - - 
[a] Reactions were performed with 4-1 (0.1 mmol), 4-2 (0.12 mmol), Cs2CO3 (0.8mmol) 
and catalyst 4-8a (0.01 mmol) in Et2O (0.75 mL) under -55oC. Reaction time was 48 hours 
unless indicated. [b] Yields of isolated products. [c] Determined by HPLC analysis on a 
chiral stationary phase. [d] No reaction. 
 
After the positive catalytic effects on the challenging chalcones, we next 
would like to test whether our phosphonium PTCs could also facilitate other 
Michael acceptors. Thus, we directly applied the same optimized condition to 
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the conjugate addition reactions between N-(diphenylmethylene) glycine 
tert-butyl ester 4-1a and acrylates, vinyl ketones (Table 4-6).  
Acrylates provided good yields and excellent enantioselectivity (entries 1, 
2). It was shown that simple methyl vinyl ketone did not proceed very well as 
only 67% ee could be obtained (entry 3). However, the aromatic vinyl ketones 
were proved to be suitable substrates for phosphonium PTCs catalyzed 
conjugate reactions (entries 47). Interestingly, the hetero-acyl vinyl ketones 
showed no conversion (entries 8, 9) under this condition. The reason behind 
might be that the strong coordination between phosphonium cation and hetero 
atoms decreased the reactivity of both substrates. 
 
Table 4-6: Conjugate addition of 4-1a to acrylates and vinyl ketones[a] 
 
Entry R1 4-13 Yield[b] (%) ee[c] (%) 
1 OMe 4-13a 94 87 
2 OBn 4-13b 95 90 
3 Me 4-13c 93 67 
4 Ph 4-13d 90 85 
5 4-MePh 4-13e 89 87 
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6 4-OMePh 4-13f 92 85 
7 2-naphathy 4-13g 90 81 
8[d] 2-thienyl - - - 
9[d] 2-pyridyl - - - 
[a] Reactions were performed with 4-1 (0.1 mmol), 4-2 (0.12 mmol), Cs2CO3 (0.8mmol) 
and catalyst 4-8a (0.01 mmol) in Et2O (0.75 mL) under -55oC. Reaction time was 48 hours 
unless indicated. [b] Yields of isolated products. [c] Determined by HPLC analysis on a 
chiral stationary phase. [d] No reaction. 
 
The usefulness of the conjugate addition products 4-3a4-3q could be 
further demonstrated by the manipulation towards the highly substituted proline 
structure 4-14 (Scheme 69). The synthesis started with the hydrolysis of the 
adduct 4-3a, followed by the intramolecular reductive amination reaction.  
Scheme 69 Synthetic manipulation of the conjugate addition product 
 
4.3 Conclusions 
In conclusion, we introduced a series of novel chiral phosphonium phase transfer 
catalysts derived from chiral phosphines and these catalysts were proved to be highly 
 
           PHD DISSERTATION 2016                                   Wen Shan 
95 
 
efficient catalyzing the conjugate addition reaction between glycine imine and various 
Michael acceptors, such as chalcones, acrylates and vinyl ketones. In all cases, 
excellent yields, diastereoselectivities and high ee values could be obtained. 
Furthermore, the products of chalcones were shown to be able to transform to highly 
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4.4 Experimental Section 
 
4.4.1 General Information 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. Solvent purification system was 
used to dry and purify toluene and diethyl ether while THF was dried and distilled 
from sodium benzophenone ketyl prior to use. CHCl3 was distilled from CaH2 prior to 
use. 1H, 13C and 19F NMR spectra were recorded on a Bruker ACF300, AMX 400 or 
AMX500 (1H and 13C only) spectrometer. Chemical shifts were reported in parts per 
million (ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0), and fluorine CFCl3 (AMX400) or 
TFA (ACF300). Multiplicity was indicated as follows: s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), dd (doublet of doublets), bs (broad singlet). 
Coupling constants were reported in Hertz (Hz). Low resolution mass spectra were 
obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a Finnigan/MAT 
95XL- T mass spectrometer in FAB mode. All high resolution mass spectra were 
obtained on a Finnigan/MAT 95XL-T spectrometer. For thin layer chromatography 
(TLC), Merck pre-coated TLC plates (Merck 60 F254) were used, and compounds 
were visualized with a UV light at 254 nm. Further visualization was achieved by 
staining with KMnO4 aqueous solution or ninhydrine solution in ethanol, followed by 
heating with a heat gun. Flash chromatographic separations were performed on Merck 
60 (0.040-0.063 mm) mesh silica gel. The enantiomeric excesses of products were 
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determined by chiral-phase HPLC analysis. Optical rotations were recorded on Jasco 
DIP-1000 Digital Polarimeter with 10 mm cell and 589 nm sodium lamp. 
4.4.2 Representative Procedures 
For the preparation of the chalcones:  
 
According to a reported method104, Claisen-Schmidt Condensation reaction was 
applied here. To a solution of benzyl aldehyde (3 mmol) in MeOH (5 mL) under 0 oC 
was added aqueous KOH solution (w.t. = 10%, 5 mL). Then the ketone (3 mmol) was 
added slowly into the reaction system. The reaction was allowed to room temperature 
and monitored by TLC until completion. On completion the reaction mixture was 
diluted with water, the precipitate formed was collected by filtration, washed with 
water and diethyl ether. Then a flash column was needed to afford pure products. All 
the products obtained were known compounds. 
 
For the preparation of the vinyl ketones: 
 
The standard procedure had three steps and the last step could be performed 
subsequently during the work-up process of the second reaction.  
                                                             
104 Liu, S; Liebeskind, L. S. J. Am. Chem. Soc. 2008, 130, 6918. 
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The first step was to introduce a bromide atom to a ketone. To a dry RBF, the 
ketone (2 mmol) was dissolved in dry Et2O (10 mL). The reaction system was then 
cooled down to 0 oC. Bromine (2 mmol) was added dropwise into the reaction system. 
After that the mixture appeared as brown color. Around 5 minutes, when the color of 
the mixture suddenly turned to light brown or even light yellow, the reaction was 
regarded as finished. Saturated aqueous solution of Na2HCO3 was used to quench the 
reaction until no bubbles. Then the mixture was extracted with Et2O and water for 
three times. The organic layer was combined and concentrated for the further 
synthesis without purification.  
The latter two steps were classic witting reactions. The crude product from the 
last step was added into a RBF and 3 equivalents of triphenylphosphines were added. 
In presence of CH2Cl2 (8 mL/mmol), the reaction mixture was allowed to reflux for 
overnight. After the reaction, the system was cooled down to room temperature. Then 
extracted with CH2Cl2/aqueous KOH solution (wt. = 50% - saturated) for at least 
three times. The organic layers were collected and combined. Without further 
purification, the aldehyde was added in one shot. After 30 minutes, the reaction was 
completed and purified by column. 
 
For the standard reactions: 
Conjugate addition reaction of glycine imine tBu ester 4-1a with benzyl bromide 
4-2a catalyzed by 4-8a.  
 




To a clean test tube, glycine imine tBu ester 4-1a (29.5 mg, 0.1 mmol), chalcones 
4-2a (24.6 mg, 0.12 mmol), catalyst 4-8a (6.5 mg, 0.01 mmol) and base Cs2CO3 
(260.8 mg, 0.8 mmol) were added. After ether (0.75 mL) was added into the system,  
the reaction system was allowed to stir under -55oC for 2 days. After the reaction, the 
system was warmed to room temperature and purified directly by column 
chromatography without further work-up (hexane/AcOEt = 10/1 as eluent) to afford 
the conjugate addition product 4-3a (46.5 mg , 93%) as a colorless foam. The 
enantiomeric excess was determined by HPLC analysis on a chiral stationary phase. 
 
Conjugate addition reaction of glycine imine tBu ester 4-1a with acrylate 4-12a 
catalyzed by 4-8a.  
 
Glycine imine tBu ester 4-1a (29.5 mg, 0.1 mmol), catalyst 4-8a (6.5 mg, 0.01 
mmol) and base Cs2CO3 (260.8 mg, 0.8 mmol) were added to a clean test tube. After 
ether (0.75 mL) was added into the system, acrylate 4-12a (10.32mg, 0.12 mmol) was 
added and the reaction system was allowed to stir under -55oC for 2 days. After the 
reaction, the system was warmed to room temperature and purified directly by column 
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chromatography without further work-up (hexane/AcOEt = 10/1 as eluent) to afford 
the conjugate addition product 4-13a (35.8 mg , 94%) as a colorless foam. The 
enantiomeric excess was determined by HPLC analysis on a chiral stationary phase. 
 
Conjugate addition reaction of glycine imine tBu ester 4-1a with vinyl ketone 
4-12d catalyzed by 4-8a.  
 
Glycine imine tBu ester 4-1a (29.5 mg, 0.1 mmol), catalyst 4-8a (6.5 mg, 0.01 
mmol) and base Cs2CO3 (260.8 mg, 0.8 mmol) were added to a clean test tube. After 
ether (0.75 mL) was added into the system, vinyl ketone 4-12d (15.9 mg, 0.12 mmol) 
was added and the reaction system was allowed to stir under -55oC for 2 days. After 
the reaction, the system was warmed to room temperature and purified directly by 
column chromatography without further work-up (hexane/AcOEt = 10/1 as eluent) to 
afford the conjugate addition product 4-13d (38.4 mg , 90%) as a colorless foam. The 
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4.4.3 Analytical Data of Conjugate Addition Products 
(2S,3R)-tert-butyl 2-((diphenylmethylene)amino)-5-oxo-3,5-diphenylpentanoate 
 
93% yield, 92% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.898.01 (m, 2H), 7.72 (d, J = 8.0 Hz, 2H), 7.55 (t, J 
= 7.5 Hz, 1H), 7.427.47 (m, 3H), 7.327.39 (m, 5H), 7.147.19 (m, 5H), 6.75 (d, J = 
6.5 Hz, 1H), 4.224.26 (m, 2H), 3.773.83 (m, 1H), 3.643.67 (m, 1H), 1.36 (s, 9H) 
ppm.  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





94% yield, 90% ee.  
1 
J = 7.5 Hz, 1H), 7.50-7.42 (m, 2H), 7.42-7.31 (m, 4H), 7.29-7.33 (m, 3H), 7.18 (dd, J 
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= 7.3, 2.0 Hz, 1H), 7.10-7.14 (m, 2H), 6.57 (d, J = 5.5 Hz, 2H), 4.73 (dt, J = 10.4, 4.0 
Hz, 1H), 4.33 (d, J = 4.0 Hz, 1H), 4.00-4.06 (m, 1H), 3.70 (dd, J = 17.3, 3.9 Hz, 1H), 
1.39 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





95% yield, 90% ee.  
1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 7.55 
(td, J = 8.1, 4.2 Hz, 1H), 7.50 – 7.31 (m, 8H), 7.17 – 7.02 (m, 4H), 6.75 (d, J = 7.2 Hz, 
2H), 4.17 (dd, J = 12.0, 4.0 Hz, 2H), 3.76 (dd, J = 16.9, 9.4 Hz, 1H), 3.63 (dd, J = 
17.1, 3.1 Hz, 1H), 1.35 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 198.19, 169.66, 143.67, 139.16, 137.06, 136.13, 
133.91, 132.94, 130.48, 129.33, 128.91, 128.88, 128.53, 128.28, 128.14, 128.05, 
127.42, 126.70, 126.60, 81.57, 70.52, 44.34, 39.73, 29.66, 27.87. 
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 
0.5 mL/min, retention time: tR = 9.1 min and 10.8 min. 
 
 






92% yield, 90% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 7.3 Hz, 2H), 7.70-7.66 (m, 2H), 7.54 (t, J 
= 7.4 Hz, 1H), 7.46-7.32 (m, 8H), 7.11 (dd, J = 8.6, 5.5 Hz, 2H), 6.86 (t, J = 8.7 Hz, 
2H), 6.77 (d, J = 6.9 Hz, 2H), 4.22-4.09 (m, 2H), 3.69 (dd, J = 16.9, 10.0 Hz, 1H), 
3.60 (dd, J = 16.9, 3.7 Hz, 1H), 1.33 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





90% yield, 90% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.99-7.93 (m, 2H), 7.69-7.66 (m, 2H), 7.59-7.51 (m, 
1H), 7.46-7.40 (m, 3H), 7.39-7.31 (m, 5H), 7.16-7.12 (m, 2H), 7.11-7.06 (m, 2H), 
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6.76 (d, J = 6.9 Hz, 2H), 4.18-4.14 (m, 2H), 3.73 (dd, J = 17.1, 9.7 Hz, 1H), 3.61 (dd, 
J = 17.1, 3.4 Hz, 1H), 1.34 (s, 9H)ppm.  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





95% yield, 90% ee.  
1 H NMR (500 MHz, CDCl3) δ 8.01-7.97 (m, 2H), 7.74-7.63 (m, 2H), 7.57-7.28 (m, 
9H), 7.22-7.07 (m, 5H), 6.73 (d, J = 6.4 Hz, 2H), 4.26-4.16 (m, 2H), 3.82-3.70 (m, 
1H), 3.68-3.57 (m, 1H), 1.33 (s, 9H) ppm.  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 









92% yield, 92% ee.  
1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 7.5 Hz, 2H), 7.67 (d, J = 7.4 Hz, 2H), 7.55 
(t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.7 Hz, 2H), 7.42 – 7.33 (m, 6H), 7.30 (s, 1H), 7.28 (s, 
1H), 7.10 (d, J = 7.7 Hz, 1H), 7.04 (t, J = 7.8 Hz, 1H), 6.74 (d, J = 7.0 Hz, 2H), 4.17 
(dd, J = 8.7, 4.8 Hz, 2H), 3.84 – 3.72 (m, 1H), 3.70 – 3.58 (m, 1H), 1.35 (s, 9H). 
13C NMR (125 MHz, CDCl3) δ 198.18, 169.63, 143.97, 137.06, 132.96, 131.86, 
130.54, 129.65, 128.92, 128.54, 128.31, 128.15, 128.06, 127.42, 127.02, 122.22, 
81.64, 70.50, 44.29, 39.68, 27.89. 
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





94% yield, 92% ee.  
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1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 7.4 Hz, 2H), 7.69 (d, J = 7.3 Hz, 2H), 7.53 
(t, J = 7.4 Hz, 1H), 7.47 – 7.39 (m, 3H), 7.38 – 7.29 (m, 5H), 7.11 – 7.05 (m, 1H), 
6.73 (dd, J = 12.2, 7.4 Hz, 3H), 6.68 (d, J = 6.5 Hz, 2H), 4.24 – 4.14 (m, 2H), 3.77 (dt, 
J = 16.9, 7.2 Hz, 1H), 3.63 (s, 3H), 1.35 (s, 9H).  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





90% yield, 90% ee.  
1H NMR (500 MHz, CDCl3) δ 8.04 (m, 2H), 7.97-7.94 (m, 2H), 7.68-7.65 (m, 2H), 
7.58-7.54 (m, 1H), 7.48-7.30 (m, 10H), 6.76 (d, J = 7.1 Hz, 2H), 4.31-4.26 (m, 1H), 
4.21 (d, J = 4.8 Hz, 1H), 3.86 (dd, J = 17.6, 10.5 Hz, 1H), 3.68 (dd, J = 17.6, 3.6 Hz, 
1H), 1.35 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 









90% yield, 92% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.92-7.89 (m, 2H), 7.68-7.64 (m, 2H), 7.42-7.39 (m, 
3H), 7.37-7.28 (m, 5H), 7.18-7.11 (m, 5H), 6.69 (d, J = 7.0 Hz, 2H), 4.18-4.15 (m, 
2H), 3.70-3.65 (m, 1H), 3.60 (dd, J = 16.6, 3.6 Hz, 1H), 1.33 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





88% yield, 93% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.91-7.89 (m, 2H), 7.67-7.64 (m, 2H), 7.41-7.39 (m, 
3H), 7.36-7.28 (m, 5H), 7.17-7.11 (m, 5H), 6.69 (d, J = 7.0 Hz, 2H), 4.18-4.14 (m, 
2H), 3.70-3.64 (m, 1H), 3.60 (dd, J = 16.6, 3.6 Hz, 1H), 1.33 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 
0.5 mL/min, retention time: tR = 9.5 min and 11.9 min. 
 
 






95% yield, 93% ee.  
1H NMR (500 MHz, CDCl3) δ 7.68-7.65 (m, 2H), 7.53-7.52 (m, 1H), 7.42 - 7.28(m, 
6H), 7.17-7.09 (m, 6H), 6.73 (d, J = 6.9 Hz, 2H), 6.46 (dd, J = 3.5, 1.6 Hz, 1H), 
4.21-4.14 (m, 1H), 4.15 (d, J = 5.4 Hz, 1H), 3.56 (dd, J = 16.3, 9.8 Hz, 1H), 3.41 (dd, 
J = 16.3, 4.2 Hz, 1H), 1.32 (s, 9H);   
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 





94% yield, 96% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.81 (dd, J = 3.8, 1.0 Hz, 1H), 7.69-7.65 (m, 2H), 7.56 
(dd, J = 4.9, 1.0 Hz, 1H), 7.26-7.41 (m, 6H), 7.18-7.09 (m, 6H), 6.71 (d, J = 7.0 Hz, 
2H), 4.21-4.15 (m, 2H), 3.65 (dd, J = 16.3, 9.6 Hz, 1H), 3.52 (dd, J = 16.3, 3.7 Hz, 
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1H), 1.31 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 99:1, flow rate = 





93% yield, 92% ee.  
1 H NMR (500 MHz, CDCl3) δ 8.67 (d, J = 8.0 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 
7.64-7.69 (m, 3H), 7.34-7.38 (m, 5H), 7.30 (t, J = 7.5 Hz, 2H), 7.22 (d, J = 7.0 Hz, 
2H), 7.17 (t, J = 7.0 Hz, 2H), 7.10-7.12 (m, 1H), 6.85 (d, J = 6.0 Hz, 2H), 4.29-4.33 
(m, 1H), 4.20 (d, J = 6.0 Hz, 1H), 3.94-3.98 (m, 1H), 3.76-3.79 (m, 1H), 1.30 (s, 9H).  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 
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94% yield, 94% ee.  
1 H NMR (500 MHz, CDCl3) δ8.76–8.78 (m, 2H), 7.72–7.74 (m, 2H), 7.65–7.68 (m, 
2H), 7.10–7.47 (m, 11H), 6.67 (d, J = 7.0 Hz, 2H), 4.13–4.18 (m, 2H), 3.68–3.71 (m, 
2H), 1.32 (s, 9H).  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 




90% yield, 90% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.67-7.64 (m, 2H), 7.42-7.28 (m, 6H), 7.20-7.10 (m, 
5H), 6.70 (d, J = 7.1 Hz, 2H), 4.06 (d, J = 5.5 Hz, 1H), 4.01 (dt, J = 9.9, 4.9 Hz, 1H), 
3.08 (ddd, J = 21.1, 16.5, 7.2 Hz, 2H), 2.07 (s, 3H), 1.33 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 









91% yield, 90% ee.  
1H NMR (500 MHz, CDCl3) δ 7.99 (dd, J = 8.6, 5.5 Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H), 
7.38 (ddt, J = 19.2, 14.3, 6.9 Hz, 6H), 7.15 – 7.07 (m, 4H), 6.86 (t, J = 8.6 Hz, 2H), 
6.75 (d, J = 7.1 Hz, 2H), 4.16 (dd, J = 9.0, 4.4 Hz, 2H), 3.73 – 3.54 (m, 2H), 1.33 (s, 
9H).  
13C NMR (125 MHz, CDCl3) δ 196.75, 166.43, 160.44, 136.74, 136.66, 133.27, 
130.59, 130.52, 129.80, 129.74, 128.66, 128.05, 127.86, 127.21, 123.58, 115.42, 
115.25, 114.78, 114.61, 81.33, 70.49, 43.86, 39.89, 27.64. 
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 
0.5 mL/min, retention time: tR = 9.1 min and 11.5 min. 
 
(S)-1-tert-butyl 5-methyl 2-((diphenylmethylene)amino)pentanedioate 
 
94% yield, 87% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.67-7.69 (m, 2H), 7.47-7.41 (m, 3H), 7.40-7.34 (m, 
1H), 7.35-7.28 (m, 2H), 7.20-7.13 (m, 2H), 4.05 (q, J = 7.1 Hz, 2H), 3.97 (dd, J = 6.9, 
5.7 Hz, 1H), 2.33-2.21 (m, 2H), 2.01 (s, 3H), 1.44 (s, 9H),   
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HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 99:1, flow rate = 
0.5 mL/min, retention time: tR = 12.4 min and 15.7 min. 
 
(S)-5-benzyl 1-tert-butyl 2-((diphenylmethylene)amino)pentanedioate 
 
95% yield, 90% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.67-7.62 (m, 2H), 7.44-7.38 (m, 3H), 7.39-7.35 (m, 
1H), 7.36-7.26 (m, 7H), 7.18-7.12 (m, 2H), 5.03 (s, 2H), 3.97 (dd, J = 7.4, 5.2 Hz, 1H), 
2.42 (dd, J = 11.3, 5.2 Hz, 2H), 2.30-2.20 (m, 2H), 1.43 (s, 9H).   
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 99:1, flow rate = 




93% yield, 67% ee. 
1 H NMR (500 MHz, CDCl3) δ 7.67-7.57 (m, 2H), 7.47-7.26 (m, 6H), 7.17-7.14 (m, 
2H), 3.94 (t, J = 6.1 Hz, 1H), 2.59-2.44 (m, 2H), 2.35-2.14 (m, 2H), 2.13 (s, 3H), 1.43 
(s, 9H);  
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HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 99:1, flow rate = 




90% yield, 85% ee.  
1 H NMR (500 MHz, CDCl3) δ 7.95-7.92 (m, 2H), 7.64 (d, J = 7.1 Hz, 2H), 7.56-7.52 
(m, 1H), 7.45-7.38 (m, 6H), 7.31 (t, J = 7.3 Hz, 2H), 7.15-7.12 (m, 2H), 4.07 (t, J = 
6.0 Hz, 1H), 3.16-3.02 (m, 2H), 2.32 (dd, J = 13.3, 6.9 Hz, 2H), 1.42 (s, 9H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 




89% yield, 87% ee.  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 99:1, flow rate = 
0.5 mL/min, retention time: tR = 15.7 min and 37.1 min. 
 
 





92% yield, 85% ee.  
1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.9 Hz, 2H), 7.70 – 7.59 (m, 2H), 7.44 – 
7.36 (m, 4H), 7.31 (t, J = 7.7 Hz, 2H), 7.16 – 7.12 (m, 2H), 6.91 (d, J = 8.9 Hz, 2H), 
4.06 (dd, J = 6.7, 5.5 Hz, 1H), 3.86 (s, 3H), 3.11 – 2.91 (m, 2H), 2.31 (ddd, J = 12.8, 
8.6, 5.9 Hz, 2H), 1.44 (s, 9H). 
13C NMR (125 MHz, CDCl3) δ 198.25, 171.08, 170.49, 163.34, 139.51, 136.47, 
130.36, 130.23, 130.04, 128.77, 128.54, 128.43, 127.97, 127.72, 113.64, 81.07, 64.88, 
55.41, 34.37, 28.46, 28.05. 
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 




92% yield, 85% ee.  
1H NMR (400 MHz, CDCl3) δ 1.45 (s, 9H, t-Bu), 2.35–2.40 (m, 2H), 3.11–3.18 (m, 
1H), 3.26–3.33 (m, 1H), 4.11 (t, J =6.0 Hz, 2H), 7.12–7.16 (m, 2H), 7.28–7.33 (m, 
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2H), 7.36–7.43 (m, 4H), 7.52–7.60 (m, 2H), 7.65–7.66 (m, 2H), 7.86 (dd, J = 8.3, 3.4 
Hz, 2H), 7.92 (d, J = 7.9 Hz, 1H), 8.00 (dd, J = 8.6, 1.7 Hz, 1H), 8.47 (s, 1H);  
HPLC analysis: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 
0.5 mL/min, retention time: tR = 11.8 min and 14.2 min. 
 
4.4.4 Synthetic Manipulation of the Conjugate Addition Product 
The synthesis of (2S, 3R, 5S)-tert-butyl 3,5-diphenylpyrrolidine-2-carboxylate 4-14: 
    1 N hydrochloric acid (3.0 mL) was added slowly to a solution of 4-3a (100.7mg, 
0.2 mmol) in dry THF (3.0 mL) under 0 oC and the reaction was allowed to stir for 2 h. 
The resulting mixture was neutralized by addition of solid NaHCO3 and extracted 
with CH2Cl2. The organic layers were combined and dried by MgSO4 and 
concentrated. The residue was purified by column (Hexane/EtOAc = 20/1 as eluant) 
to afford (2S, 3R)-tert-butyl 3, 5-diphenyl-3,4-dihydro-2H-pyrrole-2-carboxylate in 
quantitative yield.  
The (2S,3R)-tert-butyl 3,5-diphenyl-3,4-dihydro-2H-pyrrole-2-carboxylate (64.3 
mg, 0.2 mmol) was dissolved in 2 mL of MeOH then NaBH4 (37.8 mg 1.0 mmol) was 
added in portions under 0 oC. The resultant mixture was stirred and allowed to warm 
to room temperature for 4 h (monitored by TLC). The mixture was evaporated in 
 
           PHD DISSERTATION 2016                                   Wen Shan 
116 
 
vacuo, added water (5 mL), and extracted with dichloromethane (5 mL) for at least 
three times, washed with brine and dried over MgSO4. Concentration and flash 
chromatography (Hexane/EtOAc = 20/1 as eluant) afforded (2S, 3R, 5S)-tert-butyl 3, 
5-diphenylpyrrolidine-2-carboxylate 11 (39.6 mg, 0.130 mmol, 65% yield) as a 
colorless oil. 1 H NMR (500 MHz, CDCl3) δ 1.43 (s, 9H), 2.012.09 (m, 1H), 
2.622.66 (m, 1H), 2.81 (s, 1H), 3.46 (d, J = 7.2 Hz, 1H), 3.94 (d, J = 3.6 Hz, 1H), 
4.55 (d, J = 5.2 Hz, 1H), 7.28 (d, J = 4.8 Hz, 2H), 7.39 (s, 6H), 7.53 (s, 2H); ee = 92% 
by HPLC analysis: DAICEL Chiralcel AD-H, hexane/isopropyl alcohol = 95:5, flow 
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Chapter 5 Asymmetric (aza)-Darzens Reactions Catalyzed 
by Chiral Phosphonium Salts Derived from Natural Amino 
Acids 
 
5.1 The Darzens Reaction 
5.1.1 Introduction 
The Darzens reaction refers to the formation of α, β-epoxy compounds from 
aldehydes or ketones and α-halo starting materials under basic conditions (Scheme 
70). The earliest report was done by Erlenmeyer105. In this report, α-halo esters were 
used and the product was called glycidic ester. In the early 1900s, Darzens developed 
and generalized the reaction by using different bases. Since the reaction was named 
after Darzens, the initial report reaction was thus named Darzens glycidic ester 
condensation. 
 
Scheme 70 Darzens reaction 
 
The mechanism of the Darzens reaction involves two steps. The first step takes 
place as Aldol reaction and subsequently a SNi substitution reaction occurs. The base 
deprotonates the α-halo ester in a rate-determining step and the resulting carbanion 
                                                             
105 Erlenmeyer, E. Phenyl-α-oxypropionoic acid and phenyl-α,β-propionic acid. Liebigs Ann. Chem. 1892, 271, 
137. 
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(enolate) attacks the carbonyl group of the reactant aldehyde or ketone. The resulting 
intermediate is a halohydrin that undergoes a SNi reaction in the second step to form 
the epoxide ring.  
The Darzens reaction is of great importance because the products, as glycidic 
esters, are versatile synthetic intermediates: the epoxide functionality can be opened 
with various nucleophiles and upon thermolysis the intermediates undergo 
decarboxylation to afford the corresponding one carbon homologue of the starting 
aldehyde or ketone. 
The asymmetric version was first reported by Arai group106 in 1998 (Scheme 
71). They used D-halo ketone 5-2 as donor to afford the corresponding epoxide 5-4. In 
this reaction, the first generation of the natural cinchona alkaloid derived PTC 5-3 was 
applied and moderate to good yield and ee could be obtained.  
 
Scheme 71 Asymmetric Darzens reaction of acyclic compounds 
 
The same group continued to contribute to this area in the following years. In 
1999, they107 reported a modified substrate 5-5 as a cyclic structure and the product 
5-6 thus contained a spiro core structure (Scheme 72). However, the enantioselectivity 
was still moderate.  
                                                             
106 a) S. Arai, T. Shioiri, Tetrahedron Lett. 1998, 39, 2145; b) S. Arai, Y. Shirai, T. Ishida, T. Shioiri, Tetrahedron 
1999, 55, 6375. 
107 S. Arai, Y. Shirai, T. Ishida, T. Shioiri, Chem. Commun. 1999, 49.  
 




Scheme 72 Asymmetric Darzens reaction of cyclic compounds 
In 2002, they108 further applied D-halo sulfones in asymmetric Darzens reaction 
and an improved ee (up to 81% ee) could be obtained by using a modified cinchona 
alkaloid derived PTC 5-8.  
Scheme 73 Asymmetric Darzens reaction ofD-halo sulfones 
Although different substrates have been explored, one of the major challenges 
in the asymmetric Darzens reaction is that the enantioselectivity of the Darzens 
products are extremely hard to control. Almost all the examples cannot reach the 
desired level (>90% ee) until Deng group’s work109 published in 2011 (Scheme 74).  
 
Scheme 74 Deng Li’s Asymmetric Darzens reactions 
                                                             
108 S . Arai, T. Shioiri, Tetrahedron 2002, 58, 1407. 
109 Y. Liu, B. A. Provencher, K. J. Bartelson, L. Deng, Chem. Sci. 2011, 2, 1301. 
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In their report, a bulky aromatic substitution on the hydroxyl group of the 
alkaloid structure played an important role of getting high ee values. The novel chiral 
PTC 5-9 could sufficiently catalyze the Darzens reaction of both acyclic donors and 
cyclic donors and most of the scope were over 90% ee. To the best of our knowledge, 
this report was the only one in which the Darzens reaction could be proceeded with 
high enantioselectivities.  
Despite the great impact of Deng’s work, the Darzens reaction is still a 
challenging transformation for scientists to develop novel methods of building up the 
chiral epoxides.  
In this regard, we would like to apply our novel chiral phosphonium PTCs in 
asymmetric Darzens reactions.  
 
5.1.2 Results and Discussion 
    Initially, we studied carefully the reaction mechanisms and proposed the general 
designs of chiral phosphonium PTCs catalyzed Darzens reactions (Scheme 75).  
 
Scheme 75 General designs of chiral phosphonium PTCs catalyzed Darzens reactions 
 
To construct the chiral epoxides, the substrate needed to have a leaving group 
(LG) and an electron withdrawing group (EWG). These two groups would make sure 
the acidity of the CH2 to be deprotonated by a base to trigger the reaction in the first 
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place. Then the leaving group should be good enough to ensure the subsequent 
substitution reaction.  
Based on these understandings, first, we propose to construct the epoxide on the 
3-position of the oxindole structure and thus build up a chiral spiro oxindole (Scheme 
76).  
 
Scheme 76 Projected asymmetric Darzens reaction of 3-Cl oxindoles 
 
Table 5-1 Solvent screening for the projected asymmetric Darzens reaction[a] 
 
Entry catalyst solvent time yield[b] 
1[c] 5-10 CH2Cl2 24 h - 
2[c] 5-10 Toluene 24 h - 
3[c] 5-10 H2O 24 h - 
4[c] 5-10 Toluene/H2O 24 h - 
5[c] 5-10 CH2Cl2/H2O 24 h - 
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6[d] 5-11 CH2Cl2 24 h - 
7[d] 5-11 Toluene 24 h - 
8 5-11 H2O 48 h 80% 
9[d] 5-11 Toluene/H2O 24 h - 
10[d] 5-11 CH2Cl2/H2O 24 h - 
[a] Reactions were performed with 5-12 (0.1 mmol), 5-1a (0.12 mmol), HCOONa (0.2 mmol), 
solvent (0.2 mL, ratio 1:1 for co-solvent conditions) and catalyst (0.01 mmol). [b] Yields of 
isolated product. [c] No product observed based on crude NMR. [d] Trace product. 
 
We choose a mild base HCOONa as standard base to screen the solvents (Table 
5-1). Surprisingly, tetrabutylammonium salt 5-10a or phosphonium PTC 5-10b could 
not afford any products while bifunctional phosphonium PTC 5-11 could catalyze the 
reaction. This indicated that the bifunctionality of the catalyst contributed to the 
facility of triggering the reaction. We also concluded that water was the best solvent 
for the target reaction as 80% yield could be isolated while the other solvent systems, 
either organic solvents or bi-phase co-solvent systems could only afford trace product 
based on crude NMR.  
Scheme 77 Asymmetric attempt on the Darzens reaction 
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With the preliminary screening in hand, we quickly tested a chiral version to see 
whether the chiral induction was there (Scheme 77). However, to our disappointment, 
only racemic product could be isolated despite the reasonable yield and high 
diastereoselectivity. We next turned to a further base screening to see whether the 
chiral induction would occur (Table 5-2).  
 
Table 5-2 Base screening for the projected asymmetric Darzens reaction[a] 
 
Entry base Time yield[b] ee 
1 HCOONa 48 h 80% 0 
2 CH3COONa 24 h 70% 0 
3[c] (NH4)2CO3 24 h - 0 
4 K2HPO4 24 h 74% 0 
5 NaHCO3 12 h 61% 0 
6 Na2CO3 12 h 65% 0 
7 Cs2CO3 12 h 39% 0 
8 NaOH 12 h 29% 0 
9 CaCO3 24 h 77% 0 
[a] Reactions were performed with 5-12 (0.1 mmol), 5-1a (0.12 mmol), different kinds of bases 
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(0.2 mmol), water (0.2 mL) and catalyst 5-14 (0.01 mmol). [b] Yields of isolated product. [c] Full 
conversion while no product observed based on TLC.  
 
We screened bases according to basicity. From weak base to strong base, the 
yield would decrease as the basicity increased generally. No matter which base was 
chosen, the diastereoselectivity was always excellent which revealed that our chiral 
catalysts had certain function in the transformations. Based on these results, however, 
the conclusion is that the chiral induction does not happen despite the acceptable yield 
and excellent dr value as only racemic products could be obtained.  
We suspected that the background reaction might be too strong and thus the 
following experiments were performed (Scheme 78).  
 
Scheme 78 Control experiments of the Darzens reaction 
The reaction would still proceed in presence of base even without the phase 
transfer catalyst. However, the starting material all remained in presence of PTC 
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without the base. 
These results implied the importance of base and also a strong background 
reaction. Our chiral phosphonium PTC would affect the diastereoselectivity however 
somehow could not introduce the chirality. Thus, we turned to other designs of 
asymmetric Darzens reactions.  
 
Scheme 79 New targeted asymmetric Darzens reaction 
 
Scheme 80 Catalyst screening on the asymmetric Darzens reaction 
We next decided to take a step back and explore the known Darzens reaction first 
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instead of facing too many unknown factors. The new target reaction was the Darzens 
reaction between aldehyde 5-1b and a-halo ketone 5-2. (Scheme 79) The reason of 
choosing 5-1b as standard substrate is because 5-1b is in solid form and hard to 
oxidize in presence of air. 
According to the literature, we decided to test the Darzens reaction in 
solid-liquid phase transfer system and thus toluene and Cs2CO3 were chosen to be 
standard conditions for the catalyst screening (Scheme 80). 
To our delight, the chiral induction was successful although the 
enantioselectivities were quite low. The substitution on the phosphonium cation 
mattered very much as the benzyl substitution would affect the ee negatively (5-16, 11% 
ee). The less hindered methyl substitution seemed to be the best (5-15, 36% ee) while 
the triphenylphosphine derived PTC 5-14 could afford 32% ee. The variation of 
different amino acids’ scaffolds implied that L-leucine derived PTC 5-18 was slightly 
better the L-iso-leucine (5-19) and L-alanine (5-17).  
As the highest ee so far was 36% by PTC 5-15, further screening on solvent 
effects were conducted (Table 5-3).  
 
Table 5-3 Solvent screening for the asymmetric Darzens reaction[a] 
 
Entry solvent time Yield (%)[b] ee (%)[c] 
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1 CH2Cl2 12 h 89 9 
2 Et2O 6 h 90 40 
3 EA 12 h 85 36 
4 Hexane 18 h 83 0 
5 DMF 12 h 90 0 
6 THF 6 h 92 15 
7 CHCl3 12 h 80 18 
8 TBME 8 h 87 39 
9 CPME 8 h 90 41 
[a] Reactions were performed with 5-2 (0.1 mmol), 5-1b (0.12 mmol), Cs2CO3 (0.4mmol) and 
catalyst 5-15 (0.005 mmol) in different solvents (0.3 mL) at room temperature. [b] Yields of 
isolated products. [c] Determined by HPLC analysis on a chiral stationary phase.  
 
In this transformation, ether family performed much better than other common 
solvents. Especially, CPME was the best of them which could afford the Darzens 
product with 41% ee.  
 






Scheme 81 Catalyst screening in presence of CPME 
With the best solvent condition in hand, we further screened the catalysts with 
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an emphasis on different bifunctionalities (Scheme 81). The bromide salt 5-15 was 
better the corresponding iodide salt 5-20. Other bifunctionalities, such as urea 5-21, 
thiourea 5-25 simple amide 5-22 and dipeptide 5-23, 5-24, all could not give satisfied 
results. Some of the products were even in the racemic form. L-leucine derived PTC 
5-18 turned out to be the best one with 49% ee as L-valine, L-iso-leucine and 
L-threonine derived PTCs only had less promising results.  
Further optimizations were conducted for the base effect based on current 
results. The various kinds of bases were used to test the ee value of the Darzens 
products (Table 5-4).  
 
Table 5-4 Base screening for the asymmetric Darzens reaction[a] 
 
Entry base Time Yield (%)[b] ee (%)[c] 
1 Na2CO3 8 h 86 33 
2 K2CO3 12 h 90 34 
3 LiOH 8 h 84 33 
4 K3PO4 12 h 79 42 
5 K2HPO4 12 h 87 33 
6 Cs2CO3 8 h 90 49 
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7[d] NaOH 8 h 30 n. d. [e] 
[a] Reactions were performed with 5-2 (0.1 mmol), 5-1b (0.12 mmol), different kinds of bases 
(0.4mmol) and catalyst 5-18 (0.005 mmol) in CPME (0.3 mL) at room temperature. [b] Yields of 
isolated products. [c] Determined by HPLC analysis on a chiral stationary phase. [d] Side product 
was observed. [e] Not determined.  
 
Based on these results, Cs2CO3 was still the best base. Interestingly, when 
strong base was used, the reaction performed with messy results and side products 
could be observed. Thus, this reminded us to use aqueous solution to avoid side 
reactions (Table 5-5).  
 
Table 5-5 aqueous solution of base screening for the asymmetric Darzens reaction[a] 
 
Entry base Weight 
percentage 
time Yield (%)[b] ee (%)[c] 
1 NaOH 10% 10 h 87 29 
2 NaOH 5% 8 h 86 30 
3 CsOH 50% 4 h 90 31 
4 LiOH 5% 10 h 79 19 
5 KOH 10% 8 h 82 27 
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6 Cs2CO3 50% 12 h 87 29 
7 Cs2CO3 10% 24 h 84 30 
[a] Reactions were performed with 5-2 (0.1 mmol), 5-1b (0.12 mmol), different kinds of base 
solutions (0.3 mL) and catalyst 5-18 (0.005 mmol) in CPME (0.3 mL) at room temperature. [b] 
Yields of isolated products. [c] Determined by HPLC analysis on a chiral stationary phase.  
 
Aqueous solutions had no positive effects on the enantioselectivities. Even the 
same base, solid-liquid phase transfer system was proven to be better than 
liquid-liquid phase transfer system. For example, LiOH solid could facilitate the 
reaction with 33% ee while 5% solution could only achieve 19% ee. Cs2CO3 solid 
could afford 49% ee while 50% solution could only get 29% ee.  
We next turned to test the amount of solid base to further improve the ee value. 
Based on the understanding of the mechanism of Darzens reaction, at least one 
equivalent of base should be applied as there was one proton needed to be deprotonate 
by the base. In previous screening we used four equivalent bases. The screening 
results were summarized in Table 5-6.  
 
Table 5-6 Base amount screening for the asymmetric Darzens reaction[a] 
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Entry x time Yield (%)[b] ee (%)[c] 
1 1 12 h 89 28 
2 2 10 h 90 34 
3 3 10 h 84 38 
4 4 8 h 90 49 
5 5 6 h 87 39 
6 10 6 h 86 32 
[a] Reactions were performed with 5-2 (0.1 mmol), 5-1b (0.12 mmol), Cs2CO3 with the indicated 
amount and catalyst 5-18 (0.005 mmol) in CPME (0.3 mL) at room temperature. [b] Yields of 
isolated products. [c] Determined by HPLC analysis on a chiral stationary phase. 
 
To our disappointment, changes on the amount of base did not improve the 
enantioselectivities further. Four equivalents Cs2CO3 were shown to be the best basic 
condition for the target asymmetric Darzens reaction. 
As we know, the phase transfer catalysis introduces the chirality via an ion-pair 
intermediate. Cooling down the condition typically would help to achieve higher ee 
value as the ion-pair interaction could be tighter and dominate at low temperature. 
Thus, next factor we tested was the temperature of the reaction (Table 5-7). 
 
Table 5-7 Temperature effect on the asymmetric Darzens reaction[a] 
 




Entry temperature time Yield (%)[b] ee (%)[c] 
1 30 oC 6 h 92 29 
2 20 oC 8 h 90 49 
3 0 oC 12 h 87 46 
4 -10 oC 24 h 85 43 
5 -55 oC 48 h 87 33 
[a] Reactions were performed with 5-2 (0.1 mmol), 5-1b (0.12 mmol), Cs2CO3 (0.4 mmol) and 
catalyst 5-18 (0.005 mmol) in CPME (0.3 mL) at indicated temperatures. [b] Yields of isolated 
products. [c] Determined by HPLC analysis on a chiral stationary phase. 
 
Unfortunately, lowering the temperature did not improve the ee value and the 
chiral induction was even worse (entries 4-5). Higher temperature also affected 
negatively (entry 1). The best temperature was still room temperature and the best ee 
observed was still 49%.  
Up to now, we have already explored catalyst, solvent, base as well as 
temperature however the results were still disappointing. Further efforts should be 
paid into the modification of the substrate (Scheme 82). 
 




Scheme 82 Modifications on the standard substrate 
 
We believe that the key ion-pair was between deprotonated substrate and chiral 
phosphonium cation. Thus, the modification was designed on the D-halo ketone rather 
than aldehydes. There were basically three ways constructing different substrates. The 
first one was to change the leaving group. This one seemed to be the most 
straight-forward method as the SNi substitution step needed a good leaving group and 
the presence of it might affect the key transition state in the Aldol reaction step. The 
second one was to tune the acidity of the D-proton of the compound. This could be 
done by introducing a substituted group on the D position. The last one was to modify 
the phenyl ring to seek for further interaction with the chiral phosphonium cation. 
In the first direction, we purchased the D-bromo ketone 5-29 and synthesized 
D-OMs ketone 5-30 from D-hydroxy ketone. Next we quickly applied the currently 
best condition to see the catalytic effect.  
As summarized in Scheme 83, with an increased leaving ability trend, no 
improvement could be observed. Under the optimized condition, substrate 5-29 
afforded the product with -16% ee and substrate 5-30 was 43% ee. However, an 
interesting phenomenon was the reversed chirality when using the D-bromo ketone. 
As the Br atom was larger than Cl, the transition state should be affected by the steric 
hindrance and thus the favored isomer was changed.  
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Scheme 83 Modifications on the leaving group and the catalytic effects 
 
Scheme 84 Catalyst screening on the D-bromo ketone substrate 
As it was always interesting to see a reversed chirality, we further optimize this 
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reaction by a catalyst screening (Scheme 84). We could see through various 
bifunctionalities, L, L-dipeptide 5-23 turn out to be the best. However, it was only -19% 
ee.  
 
Scheme 85 Modifications to tune the acidity of the D proton (Cs2CO3) 
Along the second direction, we proposed to introduce a substitution on the 
D-position (Scheme 85). Cyclic compound 5-32 and acyclic compound 5-33 were 
applied. 
As the acidity decreased, the enantioselectivities were still not satisfied. Cyclic 
compound 5-32 could afford the Darzens product 5-34 as a very interesting spiro core 
structure with a high yield and a excellent d. r. value. However, the ee value was only 
14% which was compatible with the unmodified 5-26. With a methyl substitution, the 
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acidity of the D proton of the substrate 5-33 became very low and thus could not be 
deprotonate by Cs2CO3. Therefore no reaction result was observed.  
 
Scheme 86 Modifications to tune the acidity of the D proton (CsOH) 
The reaction of 5-33 would proceed to afford product 5-35 in presence of a 
strong base, such as CsOH (Scheme 86). However, the results were still disappointing 
under the optimized condition. 
The third way was to introduce extra interactions between deprotonated 
substrates and the chiral phosphonium cation. This idea was come up due to an 
analysis on the previous two successful examples (Scheme 87).  
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Scheme 87 Analysis of the origin of chiral induction in glycine imine participated reactions 
 
In the classic substrate glycine imine participated reactions, such as the 
previous two successful examples, a key intermediate between the deprotonated 
substrate and chiral phosphonium cation was of extreme importance. After 
deprotonating, glycine imine would stay in its enolate form. While the ion-pair 
interaction was strong and tight, the hydrogen bonding donor, the amide 
bifunctionality, would also form hydrogen bonding with the anion as well as the N 
atom belonged to the imine moiety. Therefore, a rigid complex 5 and 6 member ring 
intermediate would form. The chirality could thus be controlled via the nucleophilic 
attack from the middle carbon.  
In comparison, the key intermediate in Darzens reaction would only have one 5 
member ring which was considered not enough for the chiral control (Scheme 88). 
Thus, we proposed to introduce an extra hydrogen bonding acceptor to the phenyl ring 
aside the ketone hoping that the chiral control would be better with the newly 
established hydrogen bonding interaction (Scheme 88). 
 





Scheme 88 Comparison between glycine imine intermediate and Darzens reaction intermediate 
and proposed design of modifications on the phenyl ring 
Along this direction, we made theD-halo compounds from the corresponding 
hetero-acryl, such as 5-36 and 5-37 and quickly applied with in asymmetric Darzens 
reactions under the optimized condition (Scheme 89).  
 
 




Scheme 89 Modification on the phenyl ring and catalytic applications in Darzens reaction 
 
Disappointingly, the results were even worse than simple phenyl ketone, which 
revealed that our hypnosis was misleading and this direction could also not work. 
Then we had to drop this reaction and explore other donors.  
An alternative donor which was also applied in the literature was D halo sulfone 
compound, such as 5-40. We quickly obtained it and used it in the newly projected 
asymmetric Darzens reaction (Scheme 90). 
Scheme 90 Modification on the phenyl ring and catalytic applications in Darzens reaction 
 
However, in the preliminary attempt, almost racemic product could be observed. 
Therefore we decided not to go further.  
Recently, a novel substrate nitrobromoalkane such as 5-42, which contained both 
electron withdrawing group and leaving group, draw much attention from the 
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chemical society. For example, Hayashi group 110  reported a synthetic method 
towards constructing a three carbon member ring with an all carbon quaternary center 
by using their signature Hayashi catalyst 5-44. (Scheme 91) 
 
Scheme 91 Hayashi’s 3 member carbon ring formation 
 
Du group 111  also demonstrated the synthesis of a spiro structure using 
nitrobromoalkane as starting material. They used cinchona alkaloid derived chiral 
squaramide catalyst and successfully catalyzed the target reaction in excellent yield 
and selectivity (Scheme 92).  
 
Scheme 92 Du’s 3 member carbon ring formation 
This inspired us that the nitro group could be controlled in an enantioselective 
                                                             
110 Y. Hayashi, T. Yamazaki, Y. Nakanishi, T. Ono, T. Taniguchi, K. Monde and T. Uchimaru, Eur. J. Org. Chem. 
2015, 5747. 
111 B.–L. Zhao and D.–M. Du, Eur. J. Org. Chem. 2015, 5350. 
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manner by chiral squaramide. Thus, we proposed to use our chiral phosphonium PTC 
with a thiourea moiety as bifunctionality to control the enantioselectivity.  
In the beginning, we first tried to make the reaction work. We purchased the 
standard substrate 5-42 and synthesized methyl substituted substrate 5-46 to test the 
racemic Darzens reaction (Scheme 93).  
Scheme 93 Reaction test on the racemic version of Darzens reaction. 
However, the target Darzens product was not observed in all cases above. The 
nitrobromoalkanes consumed in all cases, however no product could form and the 
aldehydes remained a lot. The basicity of K2CO3 should already be able to 
deprotonate the nitrobromoalkanes as indicated in literature113. Cs2CO3 and CsOH, as 
stronger base, definitely could trigger the reaction by deprotonation. However, with 
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the consideration that the nitrobromoalkanes were good acceptors as well, we guessed 
that they might react with each other to consume. In this regard, we changed weaker 
base aiming to reduce the rate of the key deprotonating step (Scheme 94).  
 
Scheme 94 Reaction test on the racemic version of Darzens reaction by a weak base 
 
To our delight, the Darzens product formed although the yield was very low, 
only 37% yield could be obtained. The dr value was 2:1 based on HPLC analysis.  
As the reaction was very sensitive to the basicity of the base used, to improve the 
yield, we conducted a base screening hoping weaker base might facilitate the reaction 
(Table 5-8). 
 
Table 5-8 Base effect on the racemic Darzens reaction[a] 
 
Entry base time Yield (%)[b] 
1 HCOONa 2 days 48 
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2 AcONa 2 days 64 
3 NaHCO3 1 day 37 
4 (NH4)2CO3 2 days 9 
5 K2HPO4 1 day 30 
6[c] NaHCO3 2 days - 
[a] Reactions were performed with 5-38 (0.1 mmol), 5-1b (0.12 mmol), base (0.4mmol) and 
catalyst 5-11 (0.005 mmol) in toluene (0.3 mL) at room temperature. [b] NMR yield. [c] No 
reaction without the presence of catalyst.  
 
Based on these results, AcONa seemed to be the most efficient for this 
transformation as 64% yield could be observed. With this acceptable yield, we next 
turned to test the chiral version of the target Darzens reaction (Scheme 95).  
 
Scheme 95 Reaction test on the chiral version of Darzens reaction 
However, to our disappointment, L-Valine derived chiral phosphonium PTCs 
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could not affect either the diastereoselectivity or the enantioselectivity no matter 
which bifunctionality was stored.  
5.1.3 Conclusions 
To sum up, we have developed a series of Darzens reaction in this chapter. The 
best results were summarized in Scheme 96. Unfortunately, 49% ee was the best 
result that we could achieve. 
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5.1.4 Experimental Section 
5.1.4.1 General Information 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. Solvent purification system was 
used to dry and purify toluene and diethyl ether while THF was dried and distilled 
from sodium benzophenone ketyl prior to use. CHCl3 was distilled from CaH2 prior to 
use. 1H, 13C and 19F NMR spectra were recorded on a Bruker ACF300, AMX 400 or 
AMX500 (1H and 13C only) spectrometer. Chemical shifts were reported in parts per 
million (ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0), and fluorine CFCl3 (AMX400) or 
TFA (ACF300). Multiplicity was indicated as follows: s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), dd (doublet of doublets), bs (broad singlet). 
Coupling constants were reported in Hertz (Hz). Low resolution mass spectra were 
obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a Finnigan/MAT 
95XL- T mass spectrometer in FAB mode. All high resolution mass spectra were 
obtained on a Finnigan/MAT 95XL-T spectrometer. For thin layer chromatography 
(TLC), Merck pre-coated TLC plates (Merck 60 F254) were used, and compounds 
were visualized with a UV light at 254 nm. Further visualization was achieved by 
staining with KMnO4 aqueous solution or ninhydrine solution in ethanol, followed by 
heating with a heat gun. Flash chromatographic separations were performed on Merck 
60 (0.040-0.063 mm) mesh silica gel. The enantiomeric excesses of products were 
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determined by chiral-phase HPLC analysis. Optical rotations were recorded on Jasco 
DIP-1000 Digital Polarimeter with 10 mm cell and 589 nm sodium lamp. 
5.1.4.2 The Preparation Procedures of the Starting Materials 
The preparation procedures of compound 5-12: 
 
 
The first step is to synthesize nitro olefins. A 500 mL round-bottom flask, 
equipped with a mechanical stirrer was charged with benzaldehyde (50.5 mL, 500 
mmol, 1 equiv.), nitromethane (28.3 mL, 500 mmol, 1 equiv.), and reagent grade 
MeOH (100 mL). The resulting solution was then cooled to 0 °C in an ice bath. Next, 
a solution of NaOH (20 g, 500 mmol, 1 equiv.) in H2O (20 mL) was then added 
dropwise. After the addition of the NaOH solution was complete, the resulting thick 
white paste was stirred for an additional 15 min before ice water (200 mL) was added; 
most of the white solid dissolved as a result. The reaction mixture was then 
transferred to a 500 mL separatory funnel and slowly added to a 2 L Erlenmeyer 
equipped with a stir bar and containing a solution of aq HCl [prepared from conc. HCl 
(37%, 150 mL) and H2O (150 mL)]. After the transfer was complete, stirring was 
continued for an additional 15-30 min during which time a precipitate was formed. 
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The precipitate was then filtered, washed with H2O (75 mL), and air dried in vacuo. 
Recrystallization was conducted from EtOH. 66.2 g of trans-β-nitrostyrene as yellow 
needles; yield: 66.2 g (90%).   
1H NMR (500MHz, CDCl3) 8.02-7.98 (1H, d, J = 13.6), 7.60-7.43 (6H, m).  
 
The second step is to synthesize 5-12 from nitro olefins. Acetyl chloride (0.95 
mL, 13.4 mmol) was added to a solution of E-nitrostyrene (1.0 g, 6.71 mmol) in 
dichloromethane (30 mL) under nitrogen at 0 oC. After 7 min iron (III) chloride (2.18 
g, 13.4 mmol) was added in one portion and the red-brown mixture stirred vigorously 
at 0 oC for 5 hours and quenched by the addition of cold (0 oC) dilute hydrochloric 
acid (0.1 M, 60 mL). The mixture was stirred at room temperature overnight and 
extracted with dichloromethane. The extracts were washed with water, dried (Na2SO4), 
and the solvent evaporated. The residue was purified by dry column flash 
chromatography (hexane/ethyl acetate = 5:1) to give 3-chlorooxindole (0.55 g, 50 %) 
as a pale yellow solid. 
1H NMR was consistent with literature report112.  
 
The preparation procedures of compound 5-30: 
 
NaH (1.34 mmol) was added carefully to a cold (0 °C) solution of D-hydroxy 
                                                             
112 J. Guillaumel, P. Demerseman, J. M. Clavel, R. Royer, N. Platzer and C. Brevard, Tetrahedron, 1980, 17, 2459. 
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ketone (1.0 mmol) in dry DCM and stirred for 30 min at 0 °C. Then methanesulfonyl 
chloride (0.1 ml, 1.34 mmol) was added dropwise and the mixture was warmed to 
room temperature and stirred for 1.5 h. The crude product obtained by typical 
work-up procedure was purified by flash chromatography to give the analytical pure 
product (0.5 mmol, 50 %).  
1H-NMR (300 MHz, CDCl3) δ: 3.24 (s, 3H), 5.30 (s, 2H), 7.25-7.47 (m, 5H);  
 
The preparation procedures of compound 5-36 and 5-37: 
 
 
To a dry RBF, the ketone (2 mmol) was dissolved in dry Et2O (10 mL). The 
reaction system was then cooled down to 0 oC. Bromine (2 mmol) was added 
dropwise into the reaction system. After that the mixture appeared as brown color. 
Around 5 minutes, when the color of the mixture suddenly turned to light brown or 
even light yellow, the reaction was regarded as finished. Saturated aqueous solution of 
Na2HCO3 was used to quench the reaction until no bubbles. Then the mixture was 
extracted with Et2O and water for three times. The organic layer was combined and 
concentrated. Further purification was done by a column (Hexane/ethyl acetate = 20: 
1). 
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The preparation procedures of compound 5-46: 
 
In a 100-mL flask fitted with an efficient stirrer a solution of 2.08 g (31.4 mmol) 
of 85% potassium hydroxide in 40 mL of 25% aqueous methanol is prepared under 
nitrogen. At room temperature 5 g (31.4 mmol) of 1-nitrooctane is added, and the 
mixture is stirred under nitrogen until the nitro compound dissolves. The resulting 
solution is cooled until it just starts to freeze, and then 4.93 g (30.8 mmol) of bromine 
in 50 mL of methylene chloride (precooled to -78 oC) is added, all at once, with 
vigorous stirring. After about 1 min the reaction is over; the layers are separated and 
the aqueous phase is extracted with 20 mL of methylene chloride. The combined 
methylene chloride solutions are washed with 20 mL of H20 and dried over anhydrous 
magnesium sulfate, and then the solvent is removed. Distillation of the residue gives 
6.64 g (89% yield) of analytically pure 1-bromo-1-nitrooctane; bp 75 oC (0.4 mm). 
5.1.4.3 The Representative Procedures of Asymmetric Darzens Reactions 
The Darzens reaction with compound 5-12: 
    To a simple vial were added 5-12 (0.1 mmol), 5-1a (0.12 mmol), base (0.2 mmol) 
and catalyst 5-14 (0.01 mmol). Then water (0.2 mL) was added into the system. Then 
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the reaction was allowed to stir under room temperature for 48 hours. Then the 
extraction process was conducted by H2O/DCM. The organic layers were combined 
and concentrated. A flash column would give the product 5-13 (80% yield). 1H NMR 
showed that only single diastereoisomer could be observed.  
 
The Darzens reaction with compound 5-2, 5-29, 5-30, 5-32, 5-33, 5-36, 5-37: 
 
To a clean sample vial were added phenyl ketones bearing an D-leaving group 
(0.1 mmol), aldehyde 5-1b (0.12 mmol), chiral phosphonium PTC 5-18 (0.005 mmol) 
and Cs2CO3 (0.4 mmol). Then CPME (0.3 mL) was added into the reaction system 
and it was allowed to stir for 12 hours under room temperature. After completion 
monitored by TLC, the mixture was separated by a column (Hexane: EA = 10: 1) to 
afford the product 5-4. 1H NMR showed that only single diastereoisomer could be 
observed. 
The Darzens reaction with compound 5-42, 5-46: 
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To a clean sample vial were added aldehyde 5-1b (0.12 mmol), base NaHCO3 
(0.4 mmol) and chiral phosphonium PTC (0.005 mmol). Then the substrate 5-42 (0.1 
mmol) and solvent (0.3 mL) were added into the reaction system. With sufficient 
stirring, the reaction was allowed to go for 12 hours. After completion monitored by 
TLC, the mixture was separated by a column (Hexane: EA = 5: 1) to afford the 
product 5-48. 1H NMR showed that only single diastereoisomer could be observed. 
 
5.1.4.4 The Analytical Data for the Asymmetric Darzens Products 
3'-phenylspiro[indoline-3,2'-oxiran]-2-one 
 
HPLC analysis: DAICEL Chiralcel OJ-H, hexane/isopropyl alcohol = 90:10, flow rate 




1H NMR (500 MHz, CDCl3): δ (ppm) 8.00 (d, J=7.2, 2H), 7.63 (t, J1 = 7.6Hz, J2 = 
7.2Hz, 1H), 7.51 (t, J1 = J2 = 7.6Hz, 2H), 7.38 (d, J=8.4Hz, 2H), 7.30 (d, J=8.4Hz, 
2H), 4.26 (d, J=1.6Hz, 1H), 4.07 (d, J=1.6Hz, 1H)  
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HPLC condition: DAICEL Chiralcel OJ-H, hexane/isopropyl alcohol = 95:5, flow rate 




1 H NMR (CDCl3, 500 MHz): 7.83 (d, J = 7.2 Hz, 1H), 7.61 (m, 1H), 7.31-7.44 (m, 
6H), 4.48 (s, 1H), 3.25 (d, J = 18.4 Hz, 1H), 2.93 (d, J = 18.4, 1H);  
13C NMR (CDCl3, 500 MHz): 199.7, 151.3, 135.9, 135.8, 134.8, 128.8, 128.7, 128.1, 
126.8, 126.6, 124.2, 67.3, 63.2, 29.2; 
HPLC condition: DAICEL Chiralcel IF, hexane/isopropyl alcohol = 95:5, flow rate = 




1H NMR (500 MHz, CDCl3): δ (ppm) 8.00 (d, J=7.2, 2H), 7.63 (t, J1 = 7.6Hz, J2 = 
7.2Hz, 1H), 7.51 (t, J1 = J2 = 7.6Hz, 2H), 7.38 (d, J=8.4Hz, 2H), 7.30 (d, J=8.4Hz, 
2H), 4.07 (d, J=1.6Hz, 1H), 1.50 (s, 3H). 
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HPLC condition: DAICEL Chiralcel OJ-H, hexane/isopropyl alcohol = 99:1, flow rate 




1H NMR (500 MHz, CDCl3): δ (ppm) 7.38 (d, J=8.4Hz, 2H), 7.30 (d, J=8.4Hz, 2H), 
6.23 (d, J=1.6Hz, 1H), 4.07 (d, J=1.6Hz, 1H). 
HPLC condition: DAICEL Chiralcel OJ-H, hexane/isopropyl alcohol = 90:10, flow 
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5.2 The aza-Darzens Reaction 
5.2.1 Introduction 
A useful extension of the reaction is the Darzens aziridine synthesis 
(aza-Darzens reaction) when the α-halo esters are condensed with imines. Chiral 
aziridines are important chiral building blocks and synthetic intermediates 113 . 
However, comparing with epoxides, the aziridines were not as much as explored in 
both synthetic chemistry and industry. This is probably due to the lacking methods 
constructing chiral aziridines. Aza-Darzens reaction is one of the oldest and the most 
efficient way of synthesizing aziridines. Thus it is of great importance to explore the 
current research scope of the asymmetric aza-Darzens reactions.  
The first example on asymmetric aza-Darzens reactions was in 1992114, Fujisawa 
and co-workers used chiral acetals of 2-keto imines 5-49 as substrate to obtain 
cation-dependent diastereoselectivity (Scheme 97).  
 
Scheme 97 The first asymmetric aza-Darzens reaction 
                                                             
113 a) P. E. Fanta, in: Heterocyclic Compounds with Three- and Four-membered Rings, part 1 (Ed.: A. Weissberger), 
Wiley Interscience, New York, 1964, p. 528; b) O. C. Dermer, G. E. Ham, Ethylenimine and Other Aziridines, 
Academic Press, New York, 1969; c) J. A. Deyrup, in: The Chemistry of Heterocyclic Compounds (Ed.: A. Hassner), 
Wiley, New York 1983, vol. 42, part 1, p. 1; d) D. Tanner, Angew. Chem. Int. Ed. Engl. 1994, 33, 599; e) W. McCoull, 
F. A. Davis, Synthesis 2000, 1347; f) J. Sweeney, Chem. Soc. Rev. 2002, 31, 247; g) X. E. Hu, Tetrahedron 2004, 60, 
2701;  
114 T. Fujisawa, R. Hayakawa, M. Shimizu, Tetrahedron Lett. 1992, 33, 7903. 
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As summarized by Sweeney115, the scope of asymmetric aza-Darzens reaction 
mainly limited to two ways: the first one is, to use chiral sulfonium ylides to react 
with imines; the other one is the addition of ylides to a chiral imine. The major 
limitation is the lack of methods of catalytic asymmetric aza-Darzens reaction.  
In 2009, Akiyama group116 reported a catalytic asymmetric aza-Darzens reaction 
catalyzed by chiral phosphoric acids. They used one-pot synthetic strategy; first 
in-situ generated the N-PMP protected imine and then reacts with ethyl diazoacetate 
5-51 with excellent enantioselectivities (Scheme 98).  
 
Scheme 98 Aza-Darzens reaction catalyzed by a chiral phosphoric acid 
 
Similarly, Zeng 117  and co-workers reported a clean and fast (10 min) 
aziridination of diazoacetamides with N-Boc-imines, as well as N-Cbz-imines, 
catalyzed by chiral phosphoric acid in DCM at room temperature 
                                                             
115 J. Sweeney, Eur. J. Org. Chem. 2009, 4911 
116 T. Akiyama, T. Suzuki and K. Mori, Org. Lett., 2009, 11, 2445. 
117 X. Zeng, X. Zeng, Z. Xu, M. Lu and G. Zhong, Org. Lett., 2009, 11, 1024. 
 




Scheme 99 Zeng’s Aza-Darzens reaction catalyzed by a chiral phosphoric acid 
In 2011, Larson and co-workers118 reported a catalytic asymmetric aza-Darzens 
reaction mediated by a vaulted biphenanthrol (VAPOL) magnesium phosphate salt. 
Using simple substrates, this methodology explores the scope and reactivity of a new 
magnesium catalyst for an aziridination reaction capable of building chirality and 
complexity simultaneously (Scheme 100). 
 
Scheme 100 Larson’s Aza-Darzens reaction catalyzed by a chiral phosphate salt 
 
In the previous examples, Brønsted acids and Lewis acids have been applied to 
catalyze the asymmetric aza-Darzens reactions. However, to the best of our 
knowledge, there is currently no report on Brønsted base catalyzed asymmetric 
aza-Darzens reaction. In the following section, our investigation on asymmetric 
                                                             
118 S. E. Larson, G. Li, G. B. Rowland, D. Junge, R. Huang, H. L. Woodcock and J. C. Antilla, Org. Lett., 2011, 13, 
2188.  
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aza-Darzens reaction catalyzed by chiral phosphonium PTCs will be discussed. 
 
5.2.2 Results and Discussion 
In the meanwhile exploring the Darzens reaction, we also put in certain efforts to 
explore aza-Darzens reaction.  
In the beginning, we used D-halo ketone to react with N-tosylimine 5-52 aiming 
to have an asymmetric aza-Darzens reaction in presence of various chiral 
phosphonium PTCs (Scheme 101). 
 
Scheme 101 Asymmetric aza-Darzens reaction by D-halo ketone 
 
To our delight, the chiral phosphonium PTCs were able to introduce chirality in 
this transformation. However, the yield of the major product 5-53 was only moderate 
and the ee was extremely low despite the high diastereoselectivity. Based on the 
experience from the Darzens reaction, the tuning factors such as base, solvent and 
temperature would not affect the results dramatically. We thus dropped this reaction 
facing with such low ee values.  
We also applied nitrobromoalkane in the aza-Darzens reaction with tosylimine 
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(Scheme 102).  
 
Scheme 102 Asymmetric aza-Darzens reaction by nitrobromoalkane 
 
The achiral bifunctional PTC could sufficiently catalyze the reaction with 80% 
yield and 2:1 dr. However, the chiral catalysts still could not introduce the chirality 
well. With thiourea moiety, only racemic product could be obtained. Amide PTCs 
could give a little bit chiral induction. For the same reason, we did not go further 
exploring the other factors.  
Other than N-tosylimine, we also proposed to change the protective group of the 
imine moiety to see whether other interactions could be involved. We synthesize Boc 
protected ketimine at the 3 position on the oxindole structure and applied it with 
nitrobromoalkane to see the aza-Darzens reaction (Scheme 103).  
 




Scheme 103 Asymmetric aza-Darzens reaction between nitrobromoalkane and ketimine 
 
The achiral bifunctional PTC could facilitate the reaction with high 
diastereoselectivity. However, the yield was only 20% as byproducts existed. A quick 
test on the chiral version by the L-valine derived thiourea chiral phosphonium PTCs 
could also get 20% yield and high diastereoselectivity, however, only 8% ee could be 
observed.  
When we introduce an extra methyl substitution on the nitrobromoalkane 
(Scheme 104), the yield could be improved dramatically to 95%. However, the ee was 
still near racemic.  
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Scheme 104 Asymmetric aza-Darzens reaction between methyl nitrobromoalkane and ketimine 
 
5.2.3 Conclusion 
To sum up, asymmetric aza-Darzens reaction is a very challenging target. 
Through all the test and screening, we could not observe the ee value over 15% by 
applying our chiral phosphonium PTCs based on natural amino acids. We have 
obtained a series of aza-Darzens reactions and proved that chiral induction by 
Brønsted base and phase transfer catalysis is possible. However, due to the unsatisfied 
results, we had to drop this direction and turn to explore other asymmetric 
transformations.  
 
5.2.4 Experimental Section 
5.2.4.1 General Information 
All the starting materials were obtained from commercial sources and used 
without further purification unless otherwise stated. Solvent purification system was 
used to dry and purify toluene and diethyl ether while THF was dried and distilled 
from sodium benzophenone ketyl prior to use. CHCl3 was distilled from CaH2 prior to 
use. 1H, 13C and 19F NMR spectra were recorded on a Bruker ACF300, AMX 400 or 
AMX500 (1H and 13C only) spectrometer. Chemical shifts were reported in parts per 
million (ppm), and the residual solvent peak was used as an internal reference: proton 
(chloroform δ 7.26), carbon (chloroform δ 77.0), and fluorine CFCl3 (AMX400) or 
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TFA (ACF300). Multiplicity was indicated as follows: s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), dd (doublet of doublets), bs (broad singlet). 
Coupling constants were reported in Hertz (Hz). Low resolution mass spectra were 
obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a Finnigan/MAT 
95XL- T mass spectrometer in FAB mode. All high resolution mass spectra were 
obtained on a Finnigan/MAT 95XL-T spectrometer. For thin layer chromatography 
(TLC), Merck pre-coated TLC plates (Merck 60 F254) were used, and compounds 
were visualized with a UV light at 254 nm. Further visualization was achieved by 
staining with KMnO4 aqueous solution or ninhydrine solution in ethanol, followed by 
heating with a heat gun. Flash chromatographic separations were performed on Merck 
60 (0.040-0.063 mm) mesh silica gel. The enantiomeric excesses of products were 
determined by chiral-phase HPLC analysis. Optical rotations were recorded on Jasco 
DIP-1000 Digital Polarimeter with 10 mm cell and 589 nm sodium lamp. 
5.2.4.2 The Preparation Procedures of the Starting Materials 
The preparation procedures of compound 5-52: 
 
To a solution of benzaldehyde (2.54 mL, 25 mmol) and p-toluenesulfonamide 
(4.28 g, 25 mmol) in toluene at reflux using a Dean-Stark apparatus was added 
BF3.OEt (37 μL, 0.4 mmol). The reaction was stirred at reflux until the theoretical 
amount of water was collected. The reaction mixture was quenched with NaOH (2 Μ 
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in H2O) extracted with EtOAc (×3), dried (MgSO4) and concentrated in vacuoto give 
crude reaction mixture. Products were purified by recrystallization (EtOAc and 
isohexane). Aldimine 5-52 was a white solid (5.0 g, 77%). 
1H NMR (500 MHz, CDCl3) 2.44 (3H, s), 7.35 (2H, d, J = 8.1), 7.49 (2H, t, J = 
7.7), 7.62 (1H, t, J = 7.5), 7.91 (4H, m), 9.03 (1H, s). 
 
The preparation procedures of compound 5-55: 
 
The synthesis of compound A:  To a suspension of isatin (0.50 g, 3.4 mmol) in 
dry tetrahydrofuran (5 mL) was added a catalytic amount of dimethylaminopyridine 
and the mixture was chilled in an ice-bath under an argon atmosphere. After stirring 
for 20 min at 0 oC, di-t-butyl dicarbonate (0.89 g, 4.1 mmol) was added over 5 min. 
The resulting mixture was stirred at 0 oC for 4 hours and at room temperature for 24 
hours. The mixture was concentrated under reduced pressure and the bright yellow 
residue obtained was re-dissolved in dichloromethane (50 mL) and washed with cold 
aqueous hydrochloric acid solution (0.5 M, 40 mL). The organic layer was dried over 
anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by 
suction column chromatography over silica with dichloromethane/triethylamine (v/v 
9.5:0.5) afforded the title compound A as a bright yellow solid (0.70 g, 83 %). 
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The synthesis of compound B: To a solution of t-butyl carbazate (1.176 g, 0.0089 
mol, 1 equiv.) in acetic acid and water cooled to 0 oC was added NaNO2 (0.676 g, 
0.0098 mol, 1.1 equiv.) in portions over 15 min. The solution was stirred for 0.5 hr at 
0 oC and then extracted with diethyl ether. The combined organic layers were washed 
with water, saturated NaHCO3 solution and brine and dried over MgSO4. This 
solution was used in the next step. The ether solution was cooled to 0 oC, and PPh3 
(2.33 g, 0.0089 mol, 1 equiv.) was added while stirring (strong evolution of nitrogen 
occurred during the addition). Then the reaction mixture was stirred for 0.5 hr at rt. 
The precipitate was filtered, washed with diethyl ether and dried in vacuo to give 3.09 
g of the product (0.0082 mol, 92 %). 
 
5-55: In an oven-dried Schlenk flask under argon atmosphere, boc-protected 
isatin, compound A (10 mmol) and compound B (11 mmol) were placed. After an 
injection of anhydrous 1, 4-dioxane (10 mL), the mixture was heated under reflux 
until complete disappearance of the starting materials. Then the reaction was cooled to 
room temperature. After an evaporation of the volatile organic solvents, the crude 
residue was purified by flash chromatography (silica gel, hexane/ethyl acetate). 
Chromatography on a silica gel using hexane/AcOEt as an eluent afforded 3.01 g of 
5-55 in 87.0% yield as a yellow solid. 
tert-Butyl 3-(tert-butoxycarbonylimino)-2-oxoindoline-1-carboxylate. 
 1H NMR (300 MHz, CDCl3): δ 7.91 (d, J= 8.1Hz, 1H), 7.74 (t, J= 7.2Hz, 1H), 
7.53-7.59 (m, 1H), 7.23 (t, J= 7.5Hz, 1H), 1.63 (s, 9H), 1.61 (s, 9H) ppm;  
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13C NMR (75 MHz, CDCl3): δ 160.2, 148.3, 144.7, 135.7, 125.2, 124.1, 119.5, 
116.1, 85.4, 83.8, 29.7, 28.2, 28.0 ppm;  
5.2.4.3 The Representative Procedures of Asymmetric aza-Darzens Reactions 
The Darzens reaction with compound 5-2 and 5-52: 
 
    To a simple vial were added 5-2 (0.1 mmol), 5-52 (0.12 mmol), base (0.2 mmol) 
and chiral phosphonium PTC as catalyst (0.005 mmol). Then toluene (0.2 mL) was 
added into the system. Then the reaction was allowed to stir under room temperature 
for 48 hours. After completion monitored by TLC, a flash column would purify the 
mixture to afford the product 5-53. 1H NMR showed that only single diastereoisomer 
could be observed.  
 
The Darzens reaction with compound 5-42, 5-46: 
 
To a clean sample vial were added imine (0.12 mmol), base NaHCO3 (0.4 mmol) 
and chiral phosphonium PTC (0.005 mmol). Then the substrate 5-42 (0.1 mmol) and 
solvent (0.3 mL) were added into the reaction system. With sufficient stirring, the 
reaction was allowed to go for 12 hours. After completion monitored by TLC, the 
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mixture was separated by a column (Hexane: EA = 5: 1) to afford the product. 1H 
NMR showed that only single diastereoisomer could be observed. 
 
5.2.4.4 The Analytical Data for Asymmetric aza-Darzens Products 
phenyl(3-phenyl-1-tosylaziridin-2-yl)methanone 
 
1 H-NMR (400 MHz, CDCl3): δ = 8.06 (d, J = 8.54 Hz, 2H), 7.71 (d, J = 8.34 Hz, 2H), 
7.44-7.62 (m,3H), 7.34 (m,5H), 7.22(d, J = 8.54 Hz, 2H), 4.52 (d, J = 4.12 Hz, 1H), 
4.29 (d, J = 4.12Hz, 1H), 2.39 (s, 3H); 
HPLC condition: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 95:5, flow rate = 




1H NMR (500 MHz; CDCl3/TMS): δ 2.35 (s, 3H), 4.95 (d, 1H, J=9.8 Hz, 3H), 5.98 (d, 
1H, J=9.8 Hz, 2H), 7.02-7.15 (m, 5H), 7.31 (d, 2H, J=8.1 Hz), 7.78 (d, 2H, J=8.1 Hz). 
HPLC condition: DAICEL Chiralcel OJ-H, hexane/isopropyl alcohol = 90:10, flow 
rate = 1 mL/min, retention time: tR = 24.8, 28.0, 31.1 min and 64.9 min. 
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Chapter 6 Other Attempts and Future Directions 
 
6.1 Asymmetric Aldol Reaction between Glycine Imine and Aldehyde 
6.1.1 Introduction 
In previous chapters, asymmetric alkylation reactions and conjugate addition 
reactions of glycine imine derivatives have been successfully catalyzed by the novel 
chiral phosphonium PTCs derived from natural amino acids with excellent yields and 
ees. These results implied that we could be able to control the classic Schiff base 
substrates for the C-C bond formation processes enantioselectively. Moreover, in the 
conjugate addition reactions, we successfully used the deprotonated Schiff base to 
attack activated C-C double bonds. This inspired us that a series of transformations 
might be applied. Towards this direction, we would like to test whether we could 
control the enantioselectivity of the addition from the deprotonated Schiff base to a 
C-O double bond. In this regard, we decided to explore Aldol reaction (Scheme 105) 
to extend the scope of the whole project.  
 
Scheme 105 Schiff base involved phase transfer reactions 
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Aldol reaction is one of the most important transformations forming a C-C bond 
as well as constructing E-hydroxy compounds simultaneously119. Enamine-mediated 
asymmetric Aldol reaction dominated in the past decades. However, the asymmetric 
Aldol reaction by phase transfer catalysis was relatively less explored.  
The first catalytic asymmetric Aldol reaction towards the E-hydroxy D-amino 
acids applying phase transfer conditions was reported by Gasparski and Miller120. The 
reaction also performed as a D-alkylation process of glycine Schiff base 6-1. The 
reaction of 6-1 with 6-2 in the presence of catalyst 6-4 afforded 6-3 in 74% yield; 
unfortunately, however, the diastereo- and enantioselectivities were not satisfactory 
(Scheme 106). 
 
Scheme 106 The first asymmetric Aldol reaction 
 
                                                             
119 a) Modern Aldol Reactions, ed. R. Mahrwald, Wiley-VCH, Berlin, 2004. b) Barry M. Trost and Cheyenne S. 
Brindle, Chem. Soc. Rev., 2010, 39, 1600. 
120 C. M. Gasparski, M. J. Miller, Tetrahedron 1991, 47, 5367. 
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Scheme 107 Maruoka’s asymmetric Aldol reaction with aliphatic aldehydes 
In 2002, Maruoka group 121  developed an efficient; highly diastereo- and 
enantioselective direct Aldol reaction of 6-1 with a wide range of aliphatic aldehydes 
under mild phase transfer conditions by employing the chiral N-spiroammonium salt 
6-5 as a catalyst. There existed a process of a highly stereoselective retro-aldol 
reaction via a mechanistic investigation. However, this could be minimized by using a 
catalytic amount of 1%NaOH aqueous solution and ammonium chloride as additive. 
 
Scheme 108 Maruoka’s asymmetric Aldol reaction with aromatic aldehyde 
 
However, a certain limitation in Maruoka’s work is that the aromatic aldehyde 
could not afford the Aldol product with satisfied results (Scheme 108). In their 
investigations, no further evidence has been provided to analyze this strange 
phenomenon.  
 
Scheme 109 Maruoka’s base-free asymmetric Aldol reaction 
                                                             
121 a)T . Ooi, M. Taniguchi, M. Kameda, K. Maruoka, Angew. Chem. Int. Ed. 2002, 41, 4542; b) T. Ooi, M. 
Kameda, M. Taniguchi, K. Maruoka, J. Am. Chem. Soc. 2004, 126, 9685. 
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In 2010, Maruoka group122 demonstrated a base-free Aldol reaction between 
D-substituted nitroacetates, such as 6-8, and aqueous formaldehyde for the 
asymmetric Aldol reaction at a neutral phase-transfer condition with low catalyst 
loading (0.1 mol%) of 6-9. (Scheme 109) 
 
6.1.2 Results and Discussion 
The asymmetric Aldol reaction to date limits in two directions. The first one is, 
lacking of exampling applying phase transfer conditions. The other one is, the 
aromatic aldehydes are extremely hard substrate as no report ever demonstrates a 
successful Aldol reaction using aromatic aldehydes with over 90% ee. Given the 
importance of asymmetric Aldol reaction as well as the research gap, we decided to 
explore the asymmetric Aldol reaction by our chiral phosphonium PTCs.  
We initiated the target reaction as shown in Scheme 110. We used glycine imine 
and aliphatic aldehydes to screen for a best catalyst in presence of toluene and 1% 
NaOH solution.  
 
                                                             
122 S. Shirakawa, K. Ota, S. J. Terao, K. Maruoka, Org. Biomol. Chem. 2012, 10, 5753. 
 




Scheme 110 Catalyst screening for the asymmetric Aldol reaction with aliphatic aldehyde 
 
However, through the preliminary screening, we could not see a promising result 
as all the catalyst gave the Aldol project with less than 50% ee. The highest ee 
achieved was 49% by L-leucine derived PTC which was the same as the asymmetric 
Darzens reaction. As we thought the first step as well as the chiral induction step of 
the Darzens reaction was indeed an Aldol reaction, we did not think we had a chance 
to further improve it. 
 





Scheme 111 Catalyst tests for the asymmetric Aldol reaction with aromatic aldehyde 
 
We also tested the aromatic aldehydes as shown in Scheme 111. To our 
disappointment, there was no chiral induction at all when our chiral phosphonium 
PTCs were used in the transformation.  
 
6.1.3 Conclusion 
In this section, asymmetric Aldol reactions between glycine imine and aldehydes 
have been tested by the chiral phosphonium PTCs. The best result of the aliphatic 
aldehyde was 49% ee catalyzed by L-leucine derived PTC. However, there was no 
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6.1.4 Experimental Section 
 
The preparation of glycine imine tert-Bu ester: 
 
To a solution of the salt (2.6 g, 15.5 mmol) in CH2Cl2 (55.4 mL) was added 
HN=CPh2 (2.6 mL, 15.5 mmol). The mixture was stirred for 24 h at room temperature, 
and concentrated. The residue was dissolved in Et2O and washed with water. The 
organic layer was dried over Na2SO4, filtered and concentrated. The residue was 
recrystallized from EA/Hexane to give 6-1 as a crystal. Colorless crystal, yield (4.1 g, 
90%)  
1H NMR (500 MHz, CDCl3) δ 1.46 (9H, s,), 4.12 (2H, s), 7.18-7.67 (10H, m). 
 
Typical procedure of asymmetric Aldol reaction: 
 
To a clean sample vale were added 6-1 (0.1 mmol), chiral phosphonium PTC 
(0.01 mmol) and 6-10 (0.12 mmol). After adding toluene (0.2 mL), 1% NaOH 
solution (0.2 mL) was added into the system and the reaction was regarded as started. 
After 2 hours at room temperature, the reaction was regarded as finished based on 
TLC results. Then the mixture was isolated by a column (Hexane/EA = 10:1) to afford 
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the Aldol product. Only anti isomer could be observed based on 1H NMR analysis.  
 
Analytical data for the Aldol product: 
(2S,3S)-tert-butyl 2-((diphenylmethylene)amino)-3-hydroxy-5-phenylpentanoate 
 
HPLC condition: DAICEL Chiralcel IE, hexane/isopropyl alcohol = 95:15, flow rate 





HPLC conditions: DAICEL Chiralcel AD-H, hexane/isopropyl alcohol = 95:5, flow 
rate = 1 mL/min, retention time: tR = 15.3 min and 17.1 min. 
 
6.2 Asymmetric [3+2] Cycloaddition Reaction 
6.2.1 Introduction 
Cyclization reactions are generally less explored in phase transfer catalysis. In 
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2011, Briere group123 reported an asymmetric [3+2] cycloaddition of allylic sulfone 
substrate 6-14 and chalcones under phase transfer conditions. The racemic reactions 
worked very well with around 80% yield and excellent diastereoselectivity. The 
reaction was promoted by the simplified Maruoka catalyst 6-15 to give product with 
moderate enantioselectivity (Scheme 112). 
 
Scheme 112 Racemic [3+2] cycloadditions 
 
6.2.2 Results and Discussion 
As a preliminary test, we chose this reaction as model reaction to test our chiral 
phosphonium PTC. The racemic products could be obtained with excellent d.r. value. 
(Scheme 113) 
                                                             
123 V. Gembus, S. Postikova, V. Levacher, J.-F. Briere, J. Org. Chem. 2011, 76, 4194. 
 




Scheme 113 Racemic [3+2] cycloadditions 
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Scheme 114 Asymmetric [3+2] cycloadditions 
With the racemic condition in hand, we next quickly tested the chiral version of 
this transformation. The results were summarized in Scheme 114. 
Based on these preliminary results, we could see the L-valine derived chiral 
phosphonium PTC gave the best results so far as 43% ee. Due to time constrains, the 
further screening was still in progress and other designs based on the preliminary 
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6.2.3 Experimental Section 
The synthesis of 6-14: 
 
The first step was a MBH reaction: 
Paraformaldehyde (30 mmol), DABCO (6 mmol) and phenol (1.5 mmol) were added 
into a 10 mL flask charged with N2. A mixed solvent, tBuOH and H2O (3 : 7) mixture 
(0.37 mL) and 4-acryloylmorpholine (6.0 mmol) were then introduced via a syringe. 
The resulting mixture was stirred for 27 h at 55 oC and was then allowed to cool to 
room temperature. Water was co-evaporated with toluene under vacuum. The crude 
mixture was then filtered over Celite with dichloromethane and concentrated in vacuo. 
Purification by column chromatography (AcOEt/EtOH = 5: 1) afforded the desired 
product (67%) as colorless oil.  
1H NMR (500 MHz CDCl3): 5.48 (s, 1H), 5.16 (s, 1H), 4.27 (d, 2H, J = 5.3 Hz), 3.64 
(brs, 8H), 3.05 (t, 1H, J = 5.3 Hz). 
 
The second step was to convert the hydroxyl group to a bromide: 
All the alcohol synthesized in the first step (3.76 mmol) was dissolved in anhydrous 
diethyl ether (3 mL) in a RBF under nitrogen pressure. Dimethylformamide (18.90 
mmol) was introduced and the mixture was cooled to −5 oC. A solution of PBr3 (1.90 
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mmol) in anhydrous diethyl ether (0.7 mL) was then added dropwise. A white 
precipitate then appeared. The reaction was stirred at room temperature and monitored 
by TLC. After 15 h, the mixture was quenched by hydrolysis with water (5 mL). The 
layers were separated and the aqueous layer was extracted with ethyl acetate (3 × 25 
mL). The organic layers were combined and washed with water (2 × 100 mL) to 
remove dimethylformamide. Then, the organic layers were dried over MgSO4, 
filtered and concentrated in vacuo. Purification by column chromatography 
(AcOEt/Hexane = 4:1) provided the bromide (68%) as white crystals. 
1H NMR (500 MHz, CDCl3): 5.51 (s, 1H), 5.12 (s, 1H), 4.20 (s, 2H), 3.67 (brs, 8H).  
 
The third step was to condense the bromide and a sulfonate salt: 
The previously made bromide (1 equiv.) was all applied in this step by dissolving in 
MeOH (5 mL) in a RBF. Then the sulfonate salt (1 equiv. ) was added to the reaction 
system and the mixture was heated up to reflux condition for 2 hours. Later the 
mixture was allowed to cool down to room temperature and a flash column was 
needed to separate the desired product as colorless oil.  
 
The typical procedure of asymmetric [3+2] cycloadditions: 
 
To a mixture of chalcone (0.1 mmol), sulfone (0.12 mmol), and chiral phosphonium 
PTC (0.01 mmol) in toluene was added 50% CsOH aqueous solution. The 
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heterogeneous solution was allowed to vigorously stir for 2 hours at room temperature. 
The mixture was diluted with water, and the organic layer was separated. The aqueous 
phase was extracted with ethyl acetate. Then, the combined organic layers were 
washed with water and brine and dried over MgSO4. After filtration, the filtrate was 
concentrated in vacuo and purified by flash column chromatography (silica gel, 
Hexane/ethyl acetate) to afford the desired product as colorless viscous oil.  
 
Analytical data of the [3+2] product: 
(4-benzoyl-3-phenylcyclopent-1-en-1-yl)(morpholino)methanone 
 
1H NMR (500 MHz; CDCl3) δ 7.86-7.84 (2 H, m), 7.58-7.51 (1 H, m), 7.45-7.40 (2 H, 
m), 7.34-7.20 (5 H, m), 5.85 (1 H, dd, J = 4.1 Hz and J = 1.9 Hz), 4.52-4.48 (1 H, m), 
4.08 (1 H, dt, J = 9.6 Hz and J = 5.8 Hz), 3.70 (8 H, br s), 3.37-3.26 (1 H, m), 
2.99-2.90 (1 H, m); 
HPLC condition: DAICEL Chiralcel IB, hexane/isopropyl alcohol = 80:20, flow rate 
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6.3 Outlook and Future Directions 
In this thesis, we have demonstrated a series of novel chiral phosphonium PTCs 
derived from natural amino acids and applied them in various asymmetric 
transformations, such as alkylation reaction, conjugate addition reaction, Aldol 
reaction, (aza)-Darzens reaction. The development of the chiral catalysts enriched the 
pool of chiral phosphonium PTCs. Moreover, we found that our phosphonium PTCs 
could introduce the chirality sufficiently in many cases. Two representative reactions 
were successfully done with over 90% ee. However, we also had met some 
challenging reaction in which our catalyst could not facilitate with satisfied results or 
even had no effects. 
Asymmetric phase transfer catalysis has been one of the most important 
synthetic tools constructing chemical bonds in an enantioselective manner. Given the 
fact that the current existing PTC library was quite large and some certain asymmetric 
transformations had been well-established, the future direction of this work might be 
with a focus on developing novel reactions. This means that we need to pay a lot more 
attentions to the design and the idea of a certain transformation. Either the reaction is 
brand new and at least rare explored, or the mechanism has great novelty.  
For instance, in the [3+2] cycloaddition reactions, novel C-C double bonds could 
be applied instead of the common chalcones (Scheme 115).  
 
Scheme 115 Other applicable synthetic C-C double bonds 
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In the above mentioned C-C double bonds, the nitro-ester activated double bonds 
might undergo the [3+2] cycloaddition and further derive to a D, D-disubstituted 
amino acid, which are very important in the view of biologic study as well as 
pharmaceutical industries (Scheme 116).  
 
Scheme 116 The synthesis towards D, D-disubstituted amino acids 
